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Summary 
The work presented in this thesis was prompted by previous studies of Scoles et 
al. (1988) which indicated that the 5S DNA of Australopyrum retrofractum showed a 
close relationship to Triticum species. Considering the geographical and biological 
isolation of Australia and it's distance from the main centre of the Triticum species, in the 
Mediterranean region, a detailed analysis of the rDNA was undertaken to estimate the 
degree of similarity of the Australian species with those from other parts of the world. 
A single clone was sequenced that contained the entire inter-genie spacer (IGS) 
plus the 3' and 5' flanking regions of the 26S and 18S genes respectively. The data 
obtained were then used as a basis for sequence analysis to expand upon previous work 
by McIntyre et al (1988) and also to extend the study to investigate similarities in the 
spacer region of other plant families. In DNA-DNA hybridization experiments, regions of 
the spacer DNA from the Nor locus were used to probe, the DNA from a wide range of 
species from the Triticeae for elucidating the taxonomic position of Australopyrum 
retrofractum in the tribe. To establish that probes from the Nor locus could be used as 
reliable indicators of species homology, even in a polyploid background, Nor locus 
probes from the A,B,G and D genomes of wheat and its relatives were hybridized to a 
collection of wild wheat species to detect their homologous DNA. The relationships at the 
Nor locus generally correlated well with relationships based on chromosome pairing. 
-
The results show that sections of the intergenic spacer of the ribosomal genes for 
species within the Triticeae are quite well conserved. Regions such as those which 
terminate transcription of the 40S precursor, the start of the main subrepeat, the start of 
transcription and the region 5' to the 18S gene are all easily identifiable. Outside the tribe 
Triticeae the sequence of the IGS diverged greatly. The sequence data were used to 
determine relationships between Triticeae species, for which sequence information was 
already available and this showed that a relatively close relationship existed between 
.. 
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Australopyrwn retrofractum and Pseudoroegneria spicata. This study was extended by 
using DNA probes hybridized to DNA from a wide range of Triticeae species and 
accessions. 
The transcribed spacer region was also analysed to determine if similarity in 
secondary sequence structure existed. The data covering this whole region gave a very 
complex picture but a 84bp region, shown to be conserved within the Triticeae, had a 
very similar secondary structure. This similarity in secondary structure for a 84bp region 
within the transcribed spacer extended to Zea mays 
The sequence variation within the Triticeae was exploited to determine the 
relationship of Australopyrum retrofractum within the tribe. By the use of radioactively 
labelled probes from two regions of the Nor locus, it was shown that they had the closest 
homology to Elymus (SHY), Elytrigia (SX) and Leymus (JN) genomes. The results were 
not always consistent for all species within a genus and sometimes the two probes gave 
conflicting results. These anomalies and other problems associated with the use of DNA 
probes for assessing phylogeny are discussed in the text. From the gels of the DNA-DNA 
hybridization studies an analysis was made of the restriction fragment length 
polymorphism (RFLP) exhibited by the various species, for the intergenic spacer of the 
rDNA. Only a subset of the Hordeum species could be clearly differentiated using band 
size. Computer analysis showed t11at species with similar genomes tended to share certain 
fragment lengths more frequently with each other than with species of different genomes. 
Variation was, however, extensive. 
Australop yrum 
Aus . pectina tum 
Aus. retrofra c t um 
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Chapter 1. Introduction 
Taxonomy of Australopyrum. 
The grasses of the world are placed in a taxonomic family called the Poaceae 
(Gramineae) which is divided into 5 subfamilies. One of the subfamilies is Pooideae 
which is split into two very different groups of genera the P oanae and the Triticanae 
(supertribes). The Triticanae supertribe is composed of the tribes Triticeae, Bromeatand 
Brachypodieo.e.and accounts for 17% of the subfamily (this follows the Macfarlane and 
Watson, 1982, classification). The Tritica,t and Poanae show differing trends in at least 
17 features and those indicated in Table 1. can generally be applied to most genera within 
these two supertribes. 
Table 1. 
feature Tritica Poanae 
starch grain type simple compound 
awn nervation 3 or more 1 veined 
lodicule hairiness usually hairy glabrous 
ovary hairiness hairy glabrous 
spikelet and caryopsis size 13-27mm 4-16mm 
auricle presence usually present usually absent 
2 
The tribe Triticeae contains a well defined set of genera. Bromus and Brachypodium are 
often widely separated from the Triticeae but are placed in the same supertribe by 
Macfarlane and Watson (1982) because they share several features in common (eg. 
simple starch grains, linear hila, hairy ovaries, awns are 3 or more veined when present 
and large spikelets). Bromus is the most obviously distinct genus by possessing an ovary 
appendage as distinct from merely hairy ovaries, glabrous instead of ciliate lodicules; 
awns, when present, always dorsal not terminal and a paniculate inflorescence rather than 
a spike or raceme. Brachypodium differs little from Triticeae in its morphology except for 
the racemose (rarely paniculate) inflorescence (Macfarlane and Watson 1982) 
This similarity between Brachypodium and members of the Triticeae has led to the 
\van 
mis-identification of two species according to Veldkamp and~ cheindelen (1989). These 
species (formally Brachypodium sylvaticum and B. longisetus) have been reclassified as 
Australopyrum uncinatum and Elymus longisetus respectively, within the Triticeae. If this 
• 
placement is correct it will be the first identification of Australopyrum in Malesia. The 
difficulty found in placing species within the tribes and genera of the Pooideae is reflected 
in the controversy that surrounds the group today. 
and Australopyrum pectin.atum are 
j 
Australopyrum retrofracrw; ~re perennial grass in the tribe Triticeae and '. placed 
within the genus Agropyron by Clayton & Renvoize (1986). Love (1984), on the other 
hand, gives Australopyrum generic status. The known geographical distribution of 
Australopyrum is restricted to Australia and New Zealand and possibly New Guinea as discussed 
above. The various tribes within the Pooideae, to which the Triticeae belong, have a wide 
geographic distribution, but individual genera tend to be localised on single continents 
(Clayton 1975). This suggests that the genera have mainly evolved subsequent to 
continental separation some 80 million years ago from the Gondwana super continent 
(West et al 1988). The Triticeae can be divided into two broad groups - namely the annual 
species which account for about 14% of the tribe and occupy the Mediterranean region, 
and the perennial species of the cool temperate plains and steppes. ?v1any members of the 
tribe show an exceptional capacity for intergeneric hybridization which has caused 
3 
problems in the construction of taxonomic keys. It would also suggest that the pattern of 
generic relationships depicted in the fig. 1-1, (modified from Clayton & Renvoize 1986) 
may change as more information is collected. 
Data from Scoles et al (1988), who analysed the 3' downstream region of 5S 
DNA from Australopyrum retrofractum, placed the Australopyrum genome close to the 
S,J,P,A,B, and D genomes. (These genomic designations follow Dewey (1984), and 
table 1.2. lists the genera with their genomic designations used in this thesis). 
Table 1.2 
Genus Type species Genome 
Agropyron A. cristatum p 
Pseudoroegneria P. strigosa s 
P sathyrostac hys P. lanug inosa N 
Critesion C.jubatum H 
Thinopyrum T.junceum J-E 
Elytrigia E. repens sx 
Elymus E. sibiricus SHY 
Leymus L. arenarius JN 
Pascopyrum P. smithii SHJN 
wheat ABD 
This work plus the general controversy over placement of species in the tribe Triticeae 
lead to the present study. The DNA from the ribosomal spacer region was chosen for this 
study because the production of ribosomes is essential to all species. As classification is 
based on characters that are inherited from a common parent, the Nor locus is probably an 
ideal character to use as a link because it is central to the life of the cell. Ribosomal genes 
would have been present in the earliest plant life forms. As these plants evolved into the 
• 
-TRITICEAE 
Agropyron 
(Australopyrum) 
Hystrix 
Sitanion 
j)Henrardia 
~aeniatherum 
Crithop~ ../) 
Heteranthelium 
Diagram of relationships in Triticeae 
Figure 1.1. 
From Clayton and Renvoize (1986) 
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species we see today, the ribosomal DNA would also evolve to supply the demands for 
ribosomal production. Hamby and Zimmer (1988) have used the rRNA genes to assess 
phylogeny within the Poaceae. The spacer region, which shows more sequence 
divergence between closely related species, (McIntyre et al 1988) may be better suited to 
determining relationships within a tribe. It is possible that this region may reflect how 
different species have adapted to various habitats, as discussed in Saghai-Maroof, et 
al.(1984 ). Using the sequence data, the precision with which subtle changes in the 
spacer can be measured, gives us an accurate means of assessing the relationships 
between species at the Nor locus. 
The structure of the Nor locus. 
In every eucaryotic cell there exists at least one pair of chromosomes containing a 
narrow region, the secondary constriction, which is usually visible under the light 
microscope. These regions were recognised as landmarks for cytological studies well 
before the turn of the 20th century (reviewed in Appels 1988). It is the secondary 
constriction that develops into the Nucleolus Organizer Region (NOR) during 
transcription of ribosomal DNA (rDNA). The relationship between the nucleolus and the 
chromosome was established by Heitz (1931) who demonstrated that the reappearance of 
the nucleolus at telophase was associated with the secondary constrictions of specific 
chromosomes. Subsequent studies using DNA isolated from mutant Xenopus (Pardue 
1973) and Drosophila (Ritossa and Spiegelman 1965), analysed with radioactive probes 
made from purified rRNA, showed that the sites of DNA/rRNA homology correlated 
with the presence of the secondary constriction. There is often more than one secondary 
constriction present on the chromosomes within a cell, but not all of these are associated 
with detectable rDNA. For instance Gosden et al (1975) showed that the C-band regions 
of human chromosomes 1,9 and 16, which are generally called secondary constrictions, 
do not have detectable rDNA. 
The term "secondary constriction" is used because, under the light microscope, 
these regions appear narrower than the rest of the chromosome (See fig.1-2). However 
350-610-
·630-119 .2 
Figure 1.2 
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rDNA 5SDNA 119.2-630· 
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An electron micrograph of chromosome lR from rye showing the Nor locus as a constriction in the chromosome ann.and the same 
chromosome C-banded. This figure was produced by R. Appels. 
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electron micrographs of this region (Hsu, Brinkley & Arrighi, 1967) have shown that 
they are in fact the same width as the rest of the chromosome arm. The reason that they 
appear as constrictions is because the NOR region is composed of fibrils 5-7 nm in 
diameter whereas the rest of the chromosome arm is made up of fibrils 15-20 nm in 
diameter. The finer fibrils are less dense and it is this difference in fibrillar structure 
which results in the appearance of a constriction under the light microscope (Lafontaine 
-
1974). Goessens & Lepoint (1974) argued that the fine fibrillar components (5-7nm 
diameter) in the NOR region were the same as those at the fibrillar centre of the nucleolus. 
As mentioned previously, the appearance of the nucleolus is correlated with the 
transcription of the rRNA genes located at the secondary constriction. The product that 
results from this transcription accumulates in a nuclear structure, the nucleolus. The 
concept was thus developed, quite early in the history of the study of chromosomes, that 
secondary constrictions organise nucleoli and hence the term Nucleolar Organiser 
Regions (NO R's). The nucleoli are not free floating within the nucleus but are attached to 
the nuclear envelope (Bourgeois et al 1979a). Nuclear pores are seen along the contact 
area between these two structures and these probably represent the sites for transport of 
ribonuclear proteins to the cytoplasm and proteins into the nucleolus. (Bourgeois, 
Hemon, & Bouteille. 1979a). 
Using the in-situ hybridization technique, Henderson et al (1972) demonstrated 
that 3H-labelled rRNA hybridized to secondary constrictions of human chromosomes. 
This established the location of the genes and confirmed earlier work in Xenopus and 
Drosophila that rDNA is invariably located at a secondary constriction. Other cytological 
techniques such as silver staining (Goodpasture & -Bloom 197 5) appear to detect the 
actively transcribed rRNA genes rather than the physical location of all rRNA genes that 
are revealed by in situ hybridization. Cytochemical tests have shown that the silver binds 
to the acidic proteins associated with the rRNA transcribed at the rDNA locus (Howell 
1977). According to Lischwe et al (1979) the major silver-staining proteins, associated 
with the ribosomal genes, are those designated C23 and B23. It was suggested by Daskal 
(1974) that these proteins were involved in assembly and processing of pre-ribosomal 
6 
RNA. Although controversial, the specificity of proteins involved is suggested by the Ag-
NOR reaction visible at the electron microscope level during interphase. (Hernandez-
Verdun et al 1980). Using this cytochemical technique, it has been possible to follow the 
accumulation of rRNA during mitosis of the cell and it is clear that at metaphase and 
anaphase when nucleoli are not visible, only small silver dots are seen at the NORs. In 
late telophase the silver deposits increase in size and are at their largest in interphase and 
prophase nucleoli (Schwarzacher et al 1978). 
The nucleolus can be divided into three main regions when observed under the 
electron microscope. The fibrillar centres (fc) are small, rounded areas containing 
filaments 5-7nm in diameter. This area is surrounded by a layer of electron-dense fibrils 
3-4nm in diameter, called the fibrillar component. This is, in turn, surrounded by the 
granular component consisting of 15nm diameter granules (Recher, Whitescarver & 
I and RNA 
Briggs,1969) fig 1-3. These nucleoli are composed predominantly of proteintwith DNA 
interwoven throughout. The current hypothesis of rDNA transcription is that the inactive 
Nor loci are compact structures, the nucleolus organiser, which is composed of a fibrillar 
centre surrounded by a layer of dense fibrils. As transcription starts, the rDNA unfolds 
and expands from its condensed state in the fibrillar centres to form an enlarged fibrillar 
component. The surrounding granular component also enlarges (for a recent discussion 
see Appels 1989). Transcription of the rDNA into rRNA occurs within the fibrillar 
component (Mirre & Stahl 1981). The granular component is involved in the assembly of 
the ribosomal proteins with rRNA and it is here that early cleavage of the transcript takes 
place. As the genes become more active the fibrillar and granular regions enlarge to form 
the nucleolonemal reticulum. Secondary fibrillar centres appear within the nucleolonema 
and these contain compact inactive ribosomal genes. This fully developed structure is 
known as the nucleolus. The nucleoli are not static structures but expand and contract as 
the demand for ribosomes changes. 
The chromosomal nucleoli are not the only sites of rDNA. In early oocyte 
development of amphibians a large increase in the relative amount of rDNA occurs. This 
is brought about by amplification of extrachromosomal nucleoli and can generate 1-
granular component 
fibrillar component 
fibrillar centres 
Figure 1.3. 
The three main structures found in the nucleolus are indicated. 
Adapted from l?outeille et al. (1982)"The Nucleolus" 
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2xl06 extra rRNA genes in approximately 1000 free nucleoli (Buongiomo-Nardelli 
1972). 
Ribosome assembly from the primary transcription product of the rDNA, the 40S 
ribosomal precursor, involves several steps. The precursor molecule is composed of 18S, 
5.8S and 26S rRNA and the transcribed spacers and is produced as a single transcription 
unit by RNA polymerase 1. The unit is approximately 8Kb long in plants and the polarity 
of transcription is from the transcription start in the IGS (Intergenic Spacer) 
approximately lKb upstream from the 5' end of the 18S gene through the 5.8S gene and 
terminating at the 3' end of the 26S gene (Reeder and Brown, 1970; Dawid and \Vellauer 
1976; Hacket and Sauerbier 1975). In Xenopus the RNA polymerase 1 reads through the 
IGS and terminates transcription approximately 200bp before the transcription start (De 
Winter and Moss 1986). This readthrough mechanism is thought to enhance transcription 
by efficiently recycling RNA polymerase 1 (Mitchelson and Moss 1987). The structure of 
the primary rDNA transcript is the same in all plants and animals studied to date and this 
polarity of transcription is maintained (reviewed in Lewin 197 6). 
The rRNA products are often highly methylated which is essential for ribosomal 
RNA maturation, because it prevents premature cleavage by RNAase. The beginning of 
ribosome formation commences in the nucleolus with the interaction of the transcribed 
rRNA with proteins in the granular component. The 5.8S rRNA is non-covalently 
complexed with the 28S rRNA, and the 5S rRNA is assembled into the large ribosomal 
subunit after binding with ribosomal protein. The final step is the elimination of the 
transcribed spacers and this occurs in the same order ~ their transcription. 
There are 52 proteins associated with ribosome assembly in E.coli, 21 for the small 
subunit (18S) and 31 for the large subunit (26S). These proteins show no relationship to 
one another except that protein S20 is identical to L26. This protein is 80% associated 
with the small subunit and may be a junction protein. There is no direct relationship 
between the ribosomal proteins of bacteria and mammals, but the number involved in 
assembly is approximately the same. 
8 
The role of the ribosomes is the translation of messenger RNA (mRNA) into 
proteins. The ribosomes are 
present as a pool of dissociated large (6os:) and small ( \40S) subunits and when mRNA 
becomes available for translation the 18S unit binds first then the 26S prior to the 
commencement of translation. Many ribosomes attach to the same mRNA and translate it 
in convoy (summarised in Lewin 1983). 
Structure of the rDNA repeat unit . 
. 
The rDNA genes are tandemly arranged in a "head to tail" configuration as shown 
in Fig.1-4 (Miller and Beatty 1969). The 26S and 18S genes encoding for the large and 
small ribosomal subunits respectively are separated by the largest spacer region, called the 
Intergenic spacer (IGS), and this is the most variable part of the rDNA units. The IGS in 
plants of the Triticeae examined so far can be divided into 3 regions; (a) immediately 3' to 
the 26S gene is a moderately conserved region which marks the end of the primary 
transcript for RNA polymerase 1. This is followed by three subrepeats that are not highly 
conserved between species; (b) the main spacer region contains a number of subrepeats 
which vary, not only between species, but also between Nor loci within a species. There 
are generally 8 to 15 subrepeats in this region. The repeats are not perfect within the array 
but certain sequence motifs are well conserved. (c) In addition to those regions described 
in a & b the start of transcription is highly conserved between species. This is followed 
by a less well conserved region containing an inverted repeat and two further repeat units 
separated by an intervening sequence. The remaining spacer region near the 5' -end of the 
18S gene contains sequence information necessary for RNA processing of the primary 
transcript to form the mature 18S gene, see Fig. 3-5, (Barker et al 1988; Appels et al 
1986; Clarke this thesis ). In higher eukaryotes the 5S RNA genes are not associated with 
the ribosomal RNA genes (reviewed in Appels and Honeycut, 1986). 
Figure 1.4. 
An electron-n1icrograph showing the tandem arrangement of the ribosomal 
RNA genes separated by nontranscribed spacer regions. 
From Scheer et al. (1982)"The Nucleolus" 
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The number of ribosomal genes varies from 200 per haploid genome in man 
(Jeanteur & Attardi, 1969), to several thousand in hexaploid wheat (Ingel \et al I 
1975). In the genus Triticum, most diploid species have two Nor loci located on non-
homologous chromosomes. Tetraploid and hexaploid species can have upto 3-4 loci 
(Gerlach et al 1980; Hutchinson and Miller 1982). The number of loci is not directly 
related to the number of genomes because no Nor locus has been identified for the A 
genome of T.aestivum cv. Chinese Spring (Appels et al 1980). In bread wheat, 
T.aestivum, there are 3 Nor situated on chromosomes lB, 6B and 5D. (Flavell and 
O'Dell 1976; Appels et al 1980). Each of these loci have repeated arrays of rDNA genes, 
and the repeat unit length varies at the 3 loci. At the 6B locus of T.aestivum cv Chinese 
Spring there are two variants with lengths of 9 and 9.lKb. The locus at lB cv Chinese 
Spring is 9.4Kb and the 5D locus is 8.3Kb (Appels and Dvorak 1982a) (Dvorak et al 
1984 ). This difference in the rDNA unit length is due to a variation in the number of a 
133bp subrepeat within the IGS. In many species of the Triticeae this subrepeat region is 
flanked by Taq I sites, and is known as the Taq-spacer fragment, it varies in length from 
1-5Kb (Appels and Dvorak 1982a; McIntyre et al 1988). ~ ome species within the 
genus Hordium, notably f the wild relatives, were k exceptional in that Taq I sites seem to occur in each subrepeat hence cutting this region 
into very small fragments (Clarke, Appels and Knutsson unpublished data). There is also 
variation in the number of rDNA genes at each of the Nor loci. The lB locus has 1.3 to 
1.5 x 103 units, 6B has 0.5 - 3 xl03 and 5D has 130 to 400 units. There are a total of 2.4 
- 4.4 xl03 units in bread wheat (Flavell & Smith 1974a). Out of these thousands of gene 
units only a limited number are transcribed and involved in the formation of an active 
nucleolus. Those gene units that form the active nucle-olus are not simply determined by 
the total number per locus. For example the lB locus forms a nucleolus and a metaphase 
secondary constriction which is bigger than 6B even though there can be twice as many 
gene units at the 6B locus (Flavell & O'Dell,1976; Martini & Flavell. 1985). [ 
. Martini et al (1 982) 
using Chinese Spring addition lines containing either chromosome 1 U or 5U, which are 
the NOR bearing chromosomes of Aegilops umbellulata, showed that the Nor loci on 
10 
these chromosomes form the largest nucleoli in these addition lines. The nucleolus 
organisers on the wheat chromosomes form micronucleoli. The rDNA repeat unit in both 
the 1 U and SU Nor loci are bigger than most of the units in Chinese Spring, and 
restriction endonuclease maps of the rDNA suggest that the extra length is in the IGS. 
These observations indicate that the IGS may determine which gene units are transcribed. 
Objectives of this study. 
The above observations raise many questions about the rDNA IGS region. Does 
the subrepeat region enhance gene transcription ? If so, how, and are there similarities 
between subrepeats in different species ? Do these subrepeats contain sequence motifs 
similar to the start of transcription ? 
The rRNA genes represent one of the most extensively studied genetic elements 
and there is a vast amount of literature covering many aspects of these genes and their 
spacers. This study will concentrate on the non-transcribed spacer region of plant species 
from which the IGS has been cloned and sequenced. From the detailed comparison of the 
sequence data the sequence motifs conserved between species will then be determined and 
the functional significance of these regions will be discussed. 
The main experimental component of the thesis deals with the sequencing of the 
IGS and 5'- and 3'- ends of the 18S and 26S genes respectively from an indigenous 
Australian grass Australopyrum retrofractum. This is the first detailed study of a 
Southern hemisphere member of the Triticeae. Using the sequence data from the Nor 
locus, it was anticipated that it would be possibl~ to determine the interspecific 
relationship between this Australian species and those members of the Triticeae from the 
Northern hemisphere. In this way conserved land-mark sequences were expected to be 
revealed and thus provide a guide for future biochemical work to study the control of 
rRNA gene expression. 
Chapter 2 Materials and Methods. 1 1 
The solutions for the methods in this chapter are listed in appendix 2 
2.1 Mini plasmid preparation 
2 ml of LB plus ampicillin was inoculated with a single colony and grown 
overnight in a shaking incubator at 370c. 1.5ml of this culture was pelleted in a micro-
centrifuge tube (MCf) for 1 minute. The supernatant was poured off and the tube spun 
for 30 seconds and the remaining liquid removed with a pipette. The cells were 
resuspended thoroughly, in 60µ1 of G.T.E. and incubated at room temperature for 5 
minutes. 120µ1 of NaOH/SDS, were added and mixed by inverting the tube several times 
and then incubated on ice for 5 minutes. 90µ1 of 3M KAc was then added and mixed 
thoroughly by inverting the tube and again incubated on ice for 5 minutes. The cell debris 
were removed by centrifugation for 5 minutes and the supernatant removed to a fresh 
tube, being careful to avoid solid material. The plasmid DNA was precipitated using 
ethanol at room temperature and no cold treatment to minimise coprecipitating material 
which inhibits later enzyme digestion. The pellet was washed in 1ml of 70% ethanol and 
dri ed under vacuum and suspended in 100µ1 of sterile T.E. 
For restriction enzyme digest 10µ1 of the plasmid prep. was used in a 40µ1 
reaction. If small fragments approximately 500bp or less were cloned, RNAase at 
lOOµg/ml was added to the gel to remove RNA. 
2.2. Single stranded DNA preparation. 
2ml of 2YT plus ampicillin and K07 helper phage at 109 pfu /ml (plaque forming 
units) were inoculated with a single colony of pUCl 18 and incubated overnight (0/N) 
with shaking. The cells were precipitated by centrifugation for 5 minutes in a micro 
centrifuge and 1ml of supernatant removed to a fresh tube containing 150µ1 of PEG and 
mixed thoroughly by inversion. After incubation at room temperature for 15 minutes the 
phage were pelleted by centrifugation for 5 minutes and the supernatant poured off, the 
1 2 
tubes were recentrifuged for 30 seconds and the remaining supernatant sucked off with a 
pipette. It is very important to remove all the PEG as it is detrimental in subsequent 
sequencing reactions. The phage pellet was suspended in 100µ1 of 0.3M sodium acetate; 
lmM EDTA and phenol extracted using 50µ1 phenol (saturated with IM Tris HCl pH8) 
and vortex at full power for 45 seconds to denature the protein coat of the phage and 
liberate the DNA. The tubes were incubated at room temperature for 5 minutes and the 
supernatant removed to a fresh tube after centrifugation for 3 minutes to separate the 
phases. The DNA was ethanol precipitated and dissolved in 25µ1 of lOmM Tris pH8; 
O. lmM EDTA, 3.5 µI were used as a template in the sequencing reaction. 
2.3 Large scale isolation of plasmid DNA. 
The cells from a 1 litre culture were pelleted by centrifugation at 5K for 5 minutes 
in 2 x 500ml bottles. The supernatant was decanted and the cells washed with 100ml 
T.E. vortexing thoroughly to rinse the cells. The cells were pooled and again pelleted by 
centrifugation at 5K for 5 minutes and resuspended in 11.25ml of 25% sucrose; 0.0511 
Tris HCl, pH7.5 and vortexed thoroughly, to break up the pellet. After incubation on ice 
for 5 minutes the cells were disrupted by addition of 1.2 ml of lysozyme (10 mg/ml in 
0.25 Tris HCl, pH 7.5. made just before use) and incubated on ice for 5 minutes with 
gentle swirling to mix. 4.5 ml 250mM EDTA, (pH 8) was then added and incubated on 
ice for 5 minutes and mixed gently. The cells were finally broken by the addition of 18 ml 
lysis mix and incubated on ice for 10 minutes with occasional gentle mixing. The lysed 
cells were transferred to 40 ml tubes and spun 18K for lhour to pellet the cell debris. The 
supernatant containing the DNA was decanted into a_measuring cylinder and 0.9g CsCI 
per ml was added followed by 3 ml ethidium bromide, mixed, and dispensed into ultra 
centrifuge tubes and spun to equilibrium at 45K for 72 hours. The lower plasmid band 
was collected by puncturing the bottom of each tube. The bands from each tube were 
pooled and the DNA again spun to equilibrium at 45K for 48 hours, using CsCl in TE 
(0.9g/ml) to make up the volume if required. The plasmid band was collected by running 
the gradient out of the bottom of the tube and the ethidium bromide was extracted 4 times 
with salt-saturated iso-amyl alcohol. The CsCl was diluted with 3 volumes of water and 
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the DNA was ethanol precipitated and spun at 27k for 2 hours to pellet. The DNA was 
dissolved in TE in a suitable volume and the O.D 2(,() read to determine the concentration 
of DNA. An alternative methcxi to recover the DNA from the CsO was to dialyse against 
2L of TE at 4°C, changing the T.E 3 or 4 times over 2 days. 
2.4 Dideoxynucleotide Sequencing Reactions. 
2.4.1 Annealing reaction: 
To anneal the sequencing primers to the single stranded DNA prior to the 
extension reactions. 3.5 µI of template DNA, from the 25µ1 of the single stranded DNA 
preparation, was mixed with 2.0 µI of Annealing buffer ( lOOmM Tris HCl,pH 
8.5;50mM MgC12 ); 1.0 µ117- mer M13 sequencing primers; and 4.5 µI distilled water 
and incubated at 600C for 1 hour in an oven. 
The annealed reactions can be stored frozen for a few days. 
2.4.2 Sequencing reaction: (for 6 clones) 
In this reaction the annealed primers are extended to make a copy of the template DNA so 
that the sequence of the clone can be determined. 
4 tubes for each clone are marked A,G,C,T. ( 24 tubes for the 6 clones) and the cocktail 
buff er was prepared in a micro-centrifuge tube and stored on ice. 
2µ1 of the annealed clone was placed onto the side of 4 tubes A,G,C,T. and repeated for 
each clone. Then, 17µ1 of a termination mix A,G,C,T_was aliquoted into one of 4 tubes. 
After adding 4 µI Kienow polymerase (5 units per µl) to the cocktail buffer above, it was 
mixed and 9 .5 µI dispensed into each of the 4 tubes containing the 17 µI termination mix. 
These are immediately mixed and 4µ1 dispensed into the appropriate A,C,G,or T tube 
containing the annealed DNA but not mixed with it. Once all the termination mixes have 
been dispensed the reaction was started by spinning the tubes in a centrifuge to mix the 
reagents. They were then incubated at 370c for 15 minutes. Just before time = 15 
minutes 2µ1 of chase solution (0.5 mM of each dNTP in water) is added to the side of 
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each tube. At time 15 minutes the tubes are spun briefly and incubated for 10 minutes at 
37°c. 
Just before time =25 minutes 4µ1 of formamide dye is 
added to the side of each tube. At 25 minutes the tubes are spun to mix and stop the 
reaction. 
These reactions were denatured by heating at 95°C for 1.5 minutes to remove the 
copied DNA strand from the template DNA and 2-3µ1 were then loaded onto a denaturing 
acrylamide gel. 
2.4.3 The sequencing gel. 6 % acrylamide. 
The glass plate formers are cleaned with powdered abrasive cleaner and rinsed 
thoroughly, then cleaned with absolute ethanol, rinsed with acetone and allowed to air 
dry. The plates were separated from each other by two 0.4mm plastic strips along the 
long edge and then taped together. Two 470x150mm gels were prepared for each set of 
sequencing reactions. 
The gel mix was filtered through No.1 Whannan filter paper then degassed under 
vacuum. The TE:MED was then added to 50 ml aliquots and the 100ml used to pour both 
gels in the glass formers. A con1b was positioned in the top of each gel to form the 
sample wells and the gel was left to polymerise. The combs were removed and surplus 
acrylamide was cleaned off before the gels were assembled on the electrophoresis rigs. 
The gels were pre-run using 1 % TBE at 1,500 volts until the temperature reached 
between 40-sooc. The wells were flushed with runnitig buffer just prior to loading each 
set of denatured sequencing reactions. 1 gel was run until the xylene cyanol dye was 
13cm from the bottom of the gel. The other was run until the 1st xylene cyanol reached 
the bottom then a second dye solution added and run until this xylene cyanol was 10cm 
from the bottom of the gel. Each of these gels took approximately 1.5 and 4.5 hours. 
Together these two gels resolved most of the readable sequence from the 
sequencing reactions and gave about 50bp overlap between each gel. After 
• 
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electrophoresis the tape was removed and the gel plates separated. The gels were soaked 
on the glass plates in 10% acetic acid for 10 minutes to remove urea, then drained to 
remove surplus acetic acid and transferred to 3MM paper prior to drying on a Biorad slab 
dryer at 800C for 25 minutes under vacuum. The dried gel and paper backing were 
placed in an X-ray casette and the film (Fuji RX) exposed for 16hr at room temperature 
before developing. 
2.5 Agarose Gel Electrophoresis 
2.5.1 Preparation of Agarose gels. 
A glass plate 14.5 cm x 20cm.was washed and the edges sealed with masking 
tape to make a reservoir. 150ml of agarose solution is required for this size gel. The glass 
plate is set on a level surface and a comb positioned 1cm from the end of the plate and 2-
3mm above glass surface. 1.5g of agarose (Sigma typeII EEO), for a 1 % gel, was added 
to 7 .5ml of 20x Electrophoresis buffer and 142.5ml of distilled water plus 150µ1 of 
0.5µg/ml ethidium bromide. This was melted in a microwave oven by heating at medium 
high setting for 4 minutes, making sure all agarose was completely dissolved. After 
cooling to approximately 50°C the solution was poured onto the glass plate and allowed 
to set. The comb was then removed. The gels were run in an electrophoresis tank with 1 x 
buff er, the buffer was level with the top of the agarose. The wells were filled with buff er 
and the surf ace of the gel was wetted before loading. 
2.6 Southern Blots. 
After running the DNA in the agarose gel the required distance it was 
photographed (Polaroid) with a ruler alongside the gel as a reference with the zero mark 
level with the loading wells. The gel was then denatured (1:1 denature solution and 
water) for 30 minutes, rinsed 3 times with distilled water and then soaked in neutraliser 
solution for 30-40 minutes. While the gel was denaturing, a piece of nitrocellulose paper 
was cut to the exact size of gel area to be transferred. Also 3 sheets of 3MM were cut to 
the same size. The nitrocellulose paper was first placed in distilled water and then soaked 
1 6 
in 2xSSC. Plastic wrap was placed over an area of level bench and two pieces of 3MM 
paper 7 to 8 cm larger than the gel were placed on the plastic and soaked with 20x SSC. 
The gel containing the DNA to be transferred was trimmed so that only the area 
containing the DNA remains. The top left hand comer of the gel was removed and the gel 
placed face (top side) down onto the soaked filter paper removing any air bubbles from 
beneath the gel. A corner of the nitrocellulose was removed, to align with the cut corner 
of the gel, then placed exactly over the gel aligning the top of the paper with the wells and 
removing any air bubbles between the gel and nitrocellulose paper. Plastic wrap is placed 
around the edge of the gel to prevent liquid being sucked up other than through the gel 
and nitrocellulose paper. 2 pieces of previously cut 3MM paper were soaked in 2xSSC 
and placed on the top of the nitrocellulose ensuring no air is trapped between the various 
layers. Tissues or paper towels were then stacked on top and a glass plate and weight 
placed on this and left overnight for the DNA to transfer to the nitrocellulose. The next 
day the nitrocellulose paper was removed and air dried, before baking at 80°C in a 
• 
vacuum oven for 2 hours, between 2 sheets of 3MM paper. 
2. 7 Hybridization of probe to filter. 
The nitrocellulose filter from the southern blot was soaked in pre-hybridization 
solution for at least 30 minutes but could also be prehybridized overnight. The nick 
translated probe was denatured by heating at 95°C for 5 minutes then added to 25 - 50 ml 
of pre-hybridization solution and poured into a suitable container containing the pre-
hybridized filter and incubated overnight at 370c. The filter was then removed from the 
hybridization solution and washed 3x in 2xSSC; 0.1 % SDS, to remove unbound probe, 
then air dried and wrapped in plastic. The filter was then placed on Whatman filter paper 
which was marked with radioactive ink so that the autoradiograph could be aligned to the 
filter after the film had been developed. The X-ray film (Fuji RX) was placed in a cassette 
with an intensifying screen and placed at -800C until the film was sufficiently exposed, 
which generally meant overnight. 
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2.8 Nick-translation of DNA with 32p (Using Bresa kit). 
The DNA to be nick-translated (approximately 0.5µg) was in a total volume of 
9µ1 (in water) and the following solutions from the nick-translation kit (Bresa, Adelaide) 
were added, 4µ1 of nucleotide buffer cocktail (tube Cl); 3µ1 32.p dCTP; 4µ1 enzyme mix 
(tube C3) and incubate at 14°C for 1hr. The reaction was stopped by the addition of 80µ1 
T.E. + 2µ1 5% SDS and heated at 650C for 2 minutes and then, after cooling the solution, 
5µ1 of proteinase K solution, (lmg/ml in water) was added and incubated at 370c for 30 
minutes. The probe was then extracted, in phenol /chloroform twice, and the phenol 
phases re extracted with 100µ1 T.E. The probe plus the washings were ethanol 
precipitated, washed in 70% ethanol and the pellet dried and dissolved in 100µ1 T.E. To 
remove the unincorporated label, 2µ15% SDS was added and the probe heated at 650C 
for 2 minutes then ethanol precipitated again. This was done twice after which the probe 
was dissolved in 100µ1 T.E. 
2.9 DNA Preparation from leaf tissue. 
2-3 grams of leaf material were cut into small pieces and placed in a mortar with 
approximately lgram of acid washed sand and sufficient liquid nitrogen to freeze the 
material. Using a pestle the tissue was then ground into a fine powder. It is important not 
to take too much leaf material as it makes it difficult to grind into a sufficiently fine 
powder. The powdered leaf was transferred to another mortar at room temperature 
containing 4 ml TNE, 0.5ml 5% SDS and 0.5 ml proteinase K (0.5 mg per ml in water). 
The tissue and reagents were mixed by grinding with the pestle. After thorough grinding 
the material was transferred into a 30ml glass centrifuge tube and incubated at 37°C for 1 
to 2 hours. 1 gram of sodium perchlorate was added and vortexed to mix. The tubes were 
balanced using sand and centrifuged at 8K for 5 minutes to settle debris. The supernatant 
was decanted into a fresh tube and 9ml EPR was gently added to precipitate out the DNA. 
The EPR and supernatant were mixed together by inverting the tube gently, after first 
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covering the tube with parafilm. The DNA can be seen as a tangle of threads and can be 
removed from the solution by winding it around a pasteur pipette. Excess fluid is 
squeezed from the DNA by pressing it on the side of the tube. The DNA was transferred 
to a micro-centrifuge tube and resuspended in 0.5ml of T.E. This can take some time and 
was usually left overnight if several tubes had to be dissolved. When resuspended, 
RNAase at 40µg per ml was added and the DNA incubated at 37°C for 20 minutes. The 
DNA was then extracted with 0.25ml of phenol and chloroform. The preparation can be 
left overnight at this stage. The tubes were spun to separate the phases and the aqueous 
phase transferred to a fresh tube and ethanol precipitated and the DNA resuspended in 
1ml T.E. 
2.10 Preparation of pUC 118 vector for cloning. 
All the sequencing was carried out from clones in pUCl 18 vectors. 5µg pUC 118 
was digested with Barn HI for lhour at 37oc.and 0.2µg was used to check the linearity 
of the DNA on an agarose gel. Once the vector was completely cut it was 
phenoVchlorofonn extracted, ethanol precipitated and resuspended in 85µ1 distilled water. 
The DNA was treated with 2units alkaline phosphatase at 370c for 30 minutes. The 
reaction was then stopped by adding 5µ1 of 5% SDS and incubating at 65°C for 45 
minutes. After the reaction had cooled it was phenol/chloroform extracted twice with 
100µ1 of each. Both phenol phases were washed with 100µ1 T.E. and the aqueous 
phases pooled, ethanol precipitated and made up in 15µ1 water. 
2.10.1 Ligation of insert and vector. 
lµg of pUCl 18 vector was ligated with 1.5µg insert DNA (or an amount of DNA 
that would give approximately equal number of vector and insert DNA ends) in a total 
volume of 13µ1; 4µ1 of 5X ligase buffer; 2µ1 lOmM ATP; 0.2µ1 1 M DTT; 0.5µ1 
(200units T4 DNA ligase) were added and the reaction incubated at 14°C overnight. 
After incubation the reaction was phenol/chloroform extracted, ethanol precipitated and 
dissolve in 25µ1 water. 
"1 9 
For a blunt end ligation 0.2µ1 of 10 mM ATP was used in the incubation buffer i.e 
0.1 mM in the final reaction instead of 1 mM. 
2.10.2 Competent cell preparation (JM101). 
5ml of 2YT medium was inoculated with a single colony, of Escherichia coli 
strain JM101, from a minimal medium plate and incubated at 370c overnight. 0.2 ml of 
this culture was used to inoculate 100 ml 2YT in a 250 ml flask and the culture incubated 
with vigorous shaking at 37°C until O.D.60Qnm =.0.4 to 0.6. The culture was transferred 
to two 40 ml centrifuge tubes and spun at 5K for 5 minutes and resuspended in 3 ml 0.05 
M calcium chloride and left on ice until required. 
The cells can be used for 2-3 days if stored at 40c. 
2.10.3 Transformation of competent cells with pUC vectors. 
To 100µ1 of competent cells, in a sterile glass tube, 2-4 µl of ligation mix was 
added and the cells incubated on ice for 45 minutes. The tubes were plunged into a 42°C 
water bath for 90 seconds to heat shock the cells. The tubes were then left at room 
temperature until ready to plate out 
The cells were plated out using 3ml of molten LB top agar (0.7% agar) cooled to 
45°C, containing 20µ1 IPTG and 100µ1 X-GAL per 3ml. This was added to the cells and 
the whole mixture was poured onto a LB + ampicillin (200µg/ml) plate and swirled 
quickly to cover the plate surface and left to solidify at room temperature. The plates were 
incubated overnight at 370c. 
The IPTG and X-GAL were added to the molten agar after it had cooled to 45°C and just 
prior to use. 
2.11 Recovery of DNA from agarose gels. 
After the DNA had been digested with the appropriate enzyme, it was run on Sea 
Plaque agarose to separate the fragments. The required bands were cut out of the 
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ethidium bromide stained gel, over a U.V. light box. The gel piece, containing the DNA 
fragment of interest, were put into dialysis tubing with sufficient T.E. to just cover the 
agar and then both ends were secured with clamps. The DNA fragments within the 
dialysis tubing were submerged in l/4 strength electrophoresis buffer in a electrophoresis 
tank and run at 50mV for 15-20 minutes. After this time the gel fragment, still within the 
tubing, was observed over UV light to check that all the DNA had left the gel piece. Once 
all the DNA had been electrophoresed from the agarose the DNA was dislodged from the 
dialysis tubing by rubbing a finger along the side of the tubing on which the DNA had 
collected. The solution containing the DNA was removed and the tubing and gel piece 
were rinsed with a small volume of T.E. and pooled with the sample. The recovered 
DNA was phenol chloroform extracted and ethanol precipitated then dissolved in T.E. 
2.11.1 Preparation of dialysis tubing: 
The tubing was cut into appropriate lengths and boiled 3 times in 2 litres of 5mM 
EDTA; 5% sodium bicarbonate (NaHC03) for 10 minutes each time. The tubing was 
rinsed twice with distilled water between each boiling. The tubing was stored in 70 % 
ethanol at 40c. 
2.12 Restriction enzyme digestion. 
The lOX buffer was added at 10%; and a 1 % solution of 2-mercapto ethanol was added 
at 6% of the final reaction volume. The enzyme was added at a concentration of 2 unit per 
µg of DNA, but the volume added never exceeded 10% of the final reaction volume. 
All enzymes were incubated at 370c for 1hr, except TC¥J I which was incubated at 65°C, 
unless indicated otherwise. 
2.13 Ethanol precipitation. 
A solution of 3M sodium acetate pH 5 was added to the DNA sample to be precipitated to 
equal 10% of the sample volume and then an amount of ethanol equal to 2 times the total 
volume was added. This was then precipitated by either 1) freezing in liquid nitrogen for 
1 minute. 2) placing in dry ice ethanol bath for 15 minutes or 3) sioring at -20°C for 2 
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hours. After being allowed to thaw, the DNA was pelletted by centrifugation in a micro-
centrifuge for a time dependent on DNA size. Large fragments 3Kb or more were spun 
for 5 minutes, smaller fragments, around 500bp, were spun for 20 minutes. 
2.14 Phenol chloroform extractions: 
Phenol was saturated with T.E. pH 8. A volume of phenol and chloroform equal to that of 
the aqueous phase was added and vortexed vigorously for 1 minute. It was then spun for 
3 minutes to separate the phases. The top aqueous phase was removed to a fresh tube for 
ethanol precipitation. 
If phases were difficult to separate, a I/10th volume of 3M sodium acetate pH 5, was 
added then mixed and spun again. 
2.15 Enrichment of genomic DNA for rDNA. 
Total genomic plant DNA was isolated (see section 1.9 above) and treated with RNAase 
at a concentration of 1mg per ml at 370c for 15 minutes. The DNA was then placed in 
dialysis tubing and dialysed against three litres of T.E. for 72 hours at 4°C. Three 
changes of T.E. were made in this time. The OD.260nm of the DNA was determined and 
a 34ml actinomycin D / CsCl gradient was prepared using 200µg of DNA with lµg of 
actinomycin D per lµg of DNA and cesium chloride to a final density of 1.63g/ml. These 
were spun at 45k for 72 hours at 150c in a VTi 50 rotor. Once the gradient had been 
formed it was collected in 1ml fractions and the OD 260nm was determined for each 
fraction to determine those fractions with the majority of the DNA. 50µ1 aliquots from 
each fraction were spotted onto nitre-cellulose filters -and the filter hybridized with the 
probe pTa 250.4 to locate the rDNA (Appels and Dvorak, 1982a) . 
The OD of each fraction was plotted on a graph and in conjunction with the 
hybridization data the fractions containing the majority of rDNA and a minimal OD260 
reading were pooled. The actinomycin D was removed from the pooled fractions by 3 
extractions with equal volumes of isopropanol salt saturated with sodium chloride. After 
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the removal of the actinomycin the sample was dialysed against 2L of TE. with 3 changes 
to remove the cesium chloride, and then ethanol precipitated. 
The recovered DNA was digested with Bam m in a 200µ1 reaction. When 
digestion was complete, as determined by gel electrophoresis of a small aliquot, SDS was 
added to a final concentration of 0.1 % v/v. and the digest heated at 65°C for 2 minutes, 
to inactivate the enzyme. A glycerol gradient was prepared using equal volumes (5.6 ml) 
of 10% and 40% glycerol in TE containing 0.2M NaCl. The digested DNA was carefully 
layered onto the gradient and centrifuged at 27k for 22 hours at 100c in an SW 41 rotor. 
The gradient was collected from the bottom of the tube and divided into 3 approximately 
equal fractions, top, middle and bottom. The middle fraction contained the rDNA 
fragments and this was ethanol precipitated and the recovered DNA resuspended in 50 µl 
TE for subsequent cloning. 
2.16 The programme "Tree". (compiled by D.K. Smith) 
This programme uses an iterative multi-way alignment which makes a pairwise 
sequence comparison. The method compares every element in one sequence with every 
element of the other sequence using a matrix to hold scores. A set of sequences has all 
pairwise alignments performed on it. Sequences can also change by insertion or deletions 
and these are called gaps. A penalty can be applied for the existence of a gap and for the 
length of the gap. For the sequences compared in this thesis a penalty was given for the 
existence of a gap but not for the unit length of the gap. The alignment score for the 
sequences is made up of the weights for the identical elements, the weights for the 
-
different elements and the penalties for any gaps. From the sequence alignment scores a 
phylogenetic tree is then generated. The alignment score is a function of the length of the 
sequences which can cause a problem when comparing sequences of different lengths. 
The package solves this problem by dividing the alignment score by the aligned length of 
the sequence. 
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Chapter 3 Sequencing of the Intergenic Spacer and Flanking 
Gene Regions from the rDNA of Australopyrum retrofractum. 
Introduction. 
Previous DNA sequence studies of the intergenic spacer (IGS) of ribosomal genes 
have provided information on those regions which change most quickly during the course 
of evolution. These sequence changes were used as phenetic characters to derive 
relationships between species in the Triticeae (McIntyre et al 1988). The relationships 
inferred from the sequence data generally agreed with more traditional taxonomic 
treatments, although some discrepancies were evident. Interestingly where data were 
available for Australopyrum species at the DNA level it was clear that they were closely 
related to the Northern hemisphere Triticeae (Scoles et al 1988; Reddy, and Appels. 
and New Zealand 
1989). Since the Australopyrum sp. are endemic to Australi~ the nature of the link 
between these species was of some interest and this led to the study of the Nor locus of 
Australopyrum retrofractum (Love) in detail. 
The IGS is the large spacer region separating the 3'-end of the 26S and 5'-end of 
the 18S ribosomal RNA genes. Extensive studies have been carried out on the IGS to 
determine the regions coding for the various steps involved in the transcription of the 40S 
RNA (Iida et al 1985, Grummt et al 1986, Moss 1983). Although the IGS of all higher 
eucaryotes code for the same basic functions there is little indication of conserved regions 
between evolution,ary widely divergent species. Studies looking at the transcription of 
these genes between closely related species have shown that RN A polymerase 1 and other 
transcription factors were very species-specific and that genes of one species were not 
transcribed by transcription factors of another ( Grummt et al 1982). One study by 
Culotta et al (1987) has shown, however, that cloned Xenopus laevis rDNA was 
transcribed in extracts prepared from mouse cells and thus it seems that the species-
specificity may be a quantitative rather than an all or none phenomena. Because of the 
important functional role of the IGS, the Australopyrum retrofractum IGS has, in this 
thesis, been compared not only to other members of the Triticeae but also to maize, a 
species of the M aydeae tribe within the family Gramineae as well as to species of the 
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families Brassicaceae (radish); Apiaceae (carrot); Fabaceae (broad bean and mung bean) 
and Cucf itaceae ( cucumber) to see if there is any sequence conservation between 
evolutionary diverse families. The regions selected for comparison are a consensus 
sequence of the main spacer subrepeats and the 510bp section located immediately 
upstream from the 5'-end of the 18S RNA gene (called the 18S - spacer junction by 
McIntyre et al 1988). The 18S-spacer junction was chosen because it has been found to 
be the most conserved region of the spacer (Appels and Dvorak, 1982a) and is part of the 
40S transcript The main subrepeat region was selected because these spacer repeats are a 
common feature of all ribosomal IGS and yet show the most sequence variation. Other 
repeat regions of the A.retrofractwn unit were not examined, in a comparative analysis, 
because they are not identifiable in all IGS. Although the spacer subrepeats are very 
variable, a 31 bp sequence motif has been identified as conserved between wheat and rye 
(Appels et al,1986b), bet\veen wheat and maize (Toloczyki & Feix,1986) and between 
members of the Triticeae (McIntyre et al 1988). It was therefore of interest to see if this 
conservation extended to other families. These comparisons were expected to provide a 
better understanding of the sequence changes which take place in the IGS and help to 
identify the most appropriate regions to select as probes when determining relationships 
between species, genera and/or families. 
The studies which have been carried out on the ribosomal IGS from species of 
different Kingdoms such as Xenopus, Drosophila and plants indicate that their gross 
structures have similarities even though the sequence characteristics are very different 
(reviewed in Appels and Honycutt, 1986). For example the IGS of higher eucaryotes all 
code for the termination of the 40S precursor and have a subrepeat region with various 
numbers and types of repeats. This is followed by the start of transcription and the 
external transcribed spacer (ETS) and 18S gene (Fig 3-1). Although the overall spacer 
codes for all of these functions, no absolutely conserved sequence motifs have been 
found between widely divergent species. In Drosophila (Simeone et al 1985 ); Xenopus 
(Bach et al 1981) and Ciliates (Challoner et al 1985) the subrepeat sequence has 
homology to the sequence surrounding the transcription start region. Also, in Xenopus 
Legend to Figure 3.1 
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there are two upstream promoter regions of 135bp which are nearly identical to the 
promoter at the start of transcription . 
In A.retrofractum (this thesis), wheat (Lassner et al 1987, Barker et al 1988), rye 
(Appels et al 1986), and maize (Toloczyki and Feix, 1986; McMullen et al. 1986) there is 
no significant homology within the spacer subrepeats to the start of transcription. Further 
the 18S and 26S gene regions flanking the IGS of Drosophila and Xenopus are divergent 
from that of A.retrofractum. 
The mode of operation for the various functions coded in the IGS is also very 
different between species. In Mus musculus it has been shown that RNA polymerase 1 
terminates transcription 565 bp beyond the 3'-end of the 28S gene and that 2 conserved 
18 bp sequence motifs "Sal 1 boxes" are involved in this termination (Grummt et al 
1985). This sequence is not present in the spacer of A.retrofractum. Studies on the 
Xenopus spacer have shown that RNA polymerase 1 transcription of 40S RNA runs past 
the 3'-end of 28S gene and across two spacer promoters and terminates 213 bp short of 
the next 40S promoter. This termination of the polymerase close to the start of 
transcription is believed to enhance transcription in that the RNA polymerasel can easily 
be sequestered onto the 40S promoter to begin transcription (Moss, 1983). It is not 
known exactly where the 40S transcript terminates in the Triticeae but as several base 
pairs immediately 3' of the 26S gene are conserved between the Triticeae it could be at 
this site. Capesius and Appels (1989) could find no evidence for transcription of the 
subrepeat region of the IGS of wheat-rye hybrids, although Vincentz and Flavell (1989) 
found evidence of some RNA transcription from this region. The very diverse structural 
arrangement for the functions of the IGS between distantly related species suggested that 
a search for conserved sequence motifs would only be meaningful between more closely 
related species. Hence the present study has concentrated mainly on plants. 
The rDNA clone from Australopyrum retrofractum covers the entire spacer region 
which is 3,260bp, as well as 1480bp of the 3'-end of the 26S gene and 560bp of the 5'-
end of the 18S gene. The sequence data obtained were used for computer comparisons 
I 
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with sequence data from the non-transcribed spacers of other plants to determine any 
regions of conservation. 
Phenetic comparisons were carried out between the available sequences of rDNA 
isolated from other Triticeae species and those of Australopyrum. The computer 
programme used for this comparison, called "Tree", was provided by David Smith (see 
chapter 2). The work also provided probes which were used to survey a wide range of 
species from the Triticeae as discussed in the following chapter. 
Research into the mode of interaction between DNA and DNA-binding proteins 
suggests that DNA secondary structure plays a role in the recognition and binding of 
these transcriptional regulatory proteins (Glover 1989 ). Because of this, the transcribed 
spacer region from several published sequences was analysed using the fold programme, 
of the Genetics Computer Group (GCG) at Wisconsin USA, to determine if any 
conserved sequence secondary structure could be determined for this region of the spacer. 
Methods. 
3.1 Isolation and cloning of rDNA. 
Total DNA from Australopyrum retrofractum was enriched for rDNA using 
actinomycin D/caesium chloride gradients. The enriched fraction was Barn HI digested 
and size fractionated on glycerol gradients, as described by Appels et al (1986) and 
reproduced in chapter 2. The middle fraction from the gradient was used for cloning into 
Bam HI cleaved pBR 322. The probe pTa250.1 (Appels and Dvorak,1982a) was used to 
screen the transformants for ribosomal DNA clones. 
-
3.2 Bulking of plasmid and initial characterisation of clone 
An rDNA clone from A.retrofractum labelled pArWR5 was used for subsequent 
analysis. This clone \Vas used to make a large scale plasmid preparation, using the 
lysozyme procedure and CsCl purification as described in chapter 2. The rDNA insert 
was isolated from the plasmid and subcloned into pUCl 18 for sequencing. The insert 
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was also nick-translated for hybridization to T aq I digested genom1c DNA of 
A.retrofractum and other Triticeae to confirm the origin of the clone and its homology to 
related species. lOµg of genomic DNA from A.retrofractum (W genome), Thinopyrum 
elongatum ( E genome), Chinese spring (ABD genome) and Critesion bogdanii (H 
genome) was used for each restriction digest with Taq I for gel electrophoresis and 
subsequent southern transfer to a nitrocellulose filter. After hybridization with the nick 
translated probe at 37°C and autoradiography, the filter was washed in 3xSSC and 50% 
formamide in TE for 10 minutes at 64.0C. At this temperature about 50% of homologous 
DNA duplexes dissociate. The filter was then rinsed in 2xSSC and 0.1 % SDS and again 
autoradiographed The only genomic DNA retaining significant homology to the pArWR5 
probe at 64°C was A. retrofractum. (fig 3.2) 
Construction of a basic restriction map. 
2µg aliquots of clone pArWR5 were digested with Bam HI, Eco Rl and Eco 
• 
Rl +Bam HI and run on a 1.5% agarose gel with lamda DNA cut with Hind III as a size 
marker. The DNA was transferred to a nitrocellulose filter for hybridization with a nick-
translated probe which is part of the 26S gene from wheat ( pTa 250.3, Appels and 
Dvorak, 1982a). This autoradiograph established that an Eco Rl site was present within 
wheat clone 
the 26S gene region at \a similar position to that in the -~ (U.9Kb from Bam HI site 
Fig. 3.3). The presence of this site in the A.retrofractum clone proved very useful for 
determining the orientation of the clone in the vector when subcloning for sequencing. 
Sequencing of the clone pArWRS. 
The A .retrofractum pArWR5 clone was cut from the pB R 322 vector and cloned 
into pUCl 18 for sequencing. Several clones were isolated and cut with Eco RI to select 
two clones with the insert DNA in each orientation. The DNA segment inserted into the 
pArWR5 clone was approximately 5Kb and the pUCl 18 vector 3.2 Kb. Therefore a 
transfonnant with the Eco RI site in the vector closest to the primer would yield two 
fragments of approximately 4 Kb each. and the other orientation would have fragments of 
0.9 and approximately 7Kb. To generate a set of uni-directional deletions, the Bam HI 
1 2 3 4 5 
37°c 
64°C 
Figure 3.2. 
An autoradiograph of genon1ic DNA digested with Taq I and probed with nick 
translated DNA fron1 clone WR5. The species tested-are: 
1) A. pectinatumi (W geno1ne). 2) Thinopyrwn elongaturn (E genome). 
3) Chinese Sping (ABD genon1e). 4) Rye (R genon1e). 5) Critesion bogdanii (H 
genome). 
Gel 1 - shows hon1ology to the probe after hybridization at 37°C. 
Gel 2 - the sa1ne gel after the filter was washed in 3XSSC 50% fon11amide in T.E.at 
64°C at which temperature SOo/o of hon1ologous hybrids would dissasociate. At this 
stringency, only hon1ology ren1ains to the A. retrofractum DNA. 
I 
Figure 3.3. 
The clone WR5 in the Barn HI site of pBR 322 after digestion with 1 Eco RI, 
2 Bam ,HI, and 3 Eco RI + Bam HI. then probed with pTa 250.3 clone from 
the 26S gene of wheat. This shows a 0.9 Kb fragment indicating the 
presence of an Eco RI site in the 26S gene at the same position as in other 
Triticeae species. 
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site furthest from the vector primer site had to be inactivated. This was carried out by 
partially digesting a clone with Bam HI and filling in the exposed "sticky ends" with 
Klenow DNA polymerase (Wartell and Reznikoff 1980). After ligation and 
transformation, the clones with the required Bam HI site inactivated were selected by 
cutting the plasmid DNA with Ba,n HI and Eco RI. 
Two 2µg aliquots of the clone were cut, one with Pst I and the other with Bam 
ID, as a control for the insert size, and checked on a gel to ensure no Pst I sites were 
present in the cloned fragment. 5µg of the transformants were cut with B am HI, to 
expose the insert to the action of Exonuclease ill (Exo III), and Pst I which would protect 
the vector DNA from Exo III. After phenol/chloroform extraction and ethanol 
precipitation, 375 units of Exo III were added, 40 aliquots were removed from the 
reaction at 30 second intervals, the 40 aliquots were pooled to give 4 samples each 
containing 10 time points covering the time intervals 0.5- 5, 5.5-10, 10.5-15 and 15.5-20 
minutes. These were treated with 25 units of mung bean nuclease (Hammond and 
• 
D'Alesslo Focus 8:4 ) at 30°C for 15 minutes. Any remaining "sticky-ends" were filled-
in using Klenow DNA polymerase and then blunt-end ligated. The ligated DNA was 
digested with Barn HI before transformation into JM101 to remove any clones not 
digested with Exo III. Single stranded DNA preparations were made from the 
transformants using the phage M13 K07 ( Vieira and Messing, 1987). Approximate 
clone sizes relative to pUCl 18 alone and pUCl 18 with the whole pAr\VR5 insert were 
determined by running single stranded DNA on 1 % agarose gels. It was apparent from 
the relative clone sizes that the Exo III deletions were not evenly spread across the 
pArWR5 insert and subsequent analysis identified the spacer subrepeat region as the area 
of DNA which was either completely degraded or-not at all. To enable a complete 
sequence analysis of this region it was subcloned into the Ace I site of pUCl 18 using the 
Taq I sites which flank the spacer subrepeat region (Appels and Dvorak, 1982a). 
Subclones containing the subrepeat in each orientation were digested with Hind III, to 
linearise them, then partially digested with Nco I. The spacer subrepeat units each have an 
Nco I site. The partially digested DNA samples were "filled in" with Klenow DNA 
Figure 3.4 
Sequencing strate gy for clone WR5 
The arrows indicate the start point and length of sequence read from each clone 
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polymerase and blunt-end ligated. The vector pUCl 18 does not contain 1Vco I sites. 
Before transformation the ligated samples were digested with Pst I to remove molecules 
not digested with N co I because any clones linearised with Hind m and digested with 
Nco I would have lost the pan of the polylinker in the vector containing the Pst I site. 
Clones containing the various Nco I deletions were used to complete the sequencing of 
pArWR5. 
All sequencing was carried out using the dideoxy-nucleotide procedure of Sanger 
et al (1977). Figure 3-4 summarises the overall sequencing strategy. The clones T2N9 
-
and T5N5 are specifically identified because these were used as probes in the analysis of 
a range of Triticeae species covered in the following chapter. 
Results. 
3.3 Sequence structure of clone pAr WRS from A us tr a Io p yr um 
retrofractum. 
The data presented in figure 3-5 defines the structure of clone pArWR5, it covers 
the entire intergenic space (IGS) plus the flanking 18S and 26S gene regions. The 
sequence data are presented at the end of this chapter (figure 3-5a). 
The 3'-end of the 26S gene is highly conserved, as \can be seen when comparing 
this region between Australopyrum, wheat and rye. 1 The first 30bp immediately 
downstream from the 3'-end of the 26S gene are relatively well conserved with 63% 
homology to the wheat sequence. The homology with rye extends for 60 bp from the 3'-
end of the 26S gene with 70% homology. 70bp downstream of the 26S gene is the start 
of three 130bp repeats. These repeats are in the sam~ location as the B repeats of wheat, 
(Barker et al 1988) with which they share 86% homology for the first 50 bp. Rye does 
not have the B repeats. The B repeats are followed by 57bp before the start of the main 
subrepeat region (A repeats). This has degraded sequence motifs of both the B and A 
repeats. The A repeat region consists of 12 repetitive units each starting with the 
conserved 31bp region identified by Appels et al (1986) to which the first 9 A repeats 
Figure 3.5 
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have 80% homology. The clone pArTI contains the first 9 A repeats and was used as a 
probe in the hybridization assay described in chapter 5. The last 3 subrepeats (10, 11 and 
12) in the array are truncated and degraded versions of the first 9 separated by sequences 
which are not homologous to the A repeats but share some homology with each other. 
After the last A repeat there are 90 bp before the start of transcription. The transcribed 
spacer region contains an imperfect inverted repeat centred on base 3620 and two C 
repeats which share over 80% homology with the wheat and rye C repeats. The clone 
pArT5, which was also used as a probe in the hybridization assays in chapter 5, contains 
the region from the 3 degraded A repeats to the second T aq I site after the end of the C 
repeats. Between members of the Triticeae the sequence conservation of the pArT5 region 
is greater than for the pArTI region although conservation is not as extensive as in the 
gene region. Also the equivalent region of pArT5 in the other Triticeae is potentially more 
variable in length than the pArTI region as judged by the sequence comparisons below. 
3.4 Phenetic comparisons between Triticeae species using selected regions 
of the rDNA spacer. 
For these comparisons two different regions of the rDNA spacer were used, these 
were A consensus of the main subrepeat region (fig.3-6) and 500bp of the sequence 
immediately upstream from the 5'-end of the 18S gene. This is identified as the "18S 
spacer junction" in fig.3-5a at the end of this chapter. 
Figure 3-6. 
Australopyrum retrojractum consensus sequence of subrepeats from region A 
GCGCCATGGAAAACI'GGGCAAAAGCACCGACGGGGCACCGACGCGGCCACG 
GACGGGTACACGGGCCAAGAACGTGAAGGACGGGGACACGGGCAAAAAAGT 
GCCCGACGCCCGTCGTGGACGAAACfGGACGC 
Phenetic comparisons were made between the available sequences of rDNA 
isolated from species of the Triticeae. The results are shown in figures 3-7 and 3-8 . The 
phenetic comparisons are based on a similarity index which relates directly to the 
hybridization assay discussed later in chapter 4. The comparisons in Figures 3-7 and 3-8 
Phenetic comparisons using the 18S - spacer junction 
Figure 3.7. 
--------Secale cereale 
Australopyrum retrofractum 
Pseudoroegneria spicata 
..-----Triticum tauschii D 
Triticum aestivum D 
Triticum aestivum B 1 
Triticum aestivum 82 
Thinopyrum elongatum 
Thinopyrum junceiforme 
Psathyrostachys juncea 
Agropyrum cristatum 
Critesion bogdanii 
Sequence data fron1 the 18S-spacer junction was used to prcxluce this tree 
using an iterative multi-way alignn1ent programme (Smith,.1986). It uses 
sequence differences as phenetic characters to create the alignment scores. 
"' 
Phenetic comparisons using spacer subrepeat 
.--------------Secale cereale 
Figure 3.8. 
Australopyrum retrofractum 
Pseudoroegneria spicata 
L-------Agropyrum cristatum 
Thinopyrum junceiforme 
Thinopyrum elongatum 
Triticum aestivum D 
Triticum aestivum B 1 
Triticum aestivum 82 
Psathyrostachys juncea 
The analysis was carried out as described in figure 3.7 but using sequence 
data from the spacer subrepe~lts to produce the tree. 
The origin of the sequence data used in these figures was Lassner et al 1987 for T. aestivum. D genome 
Barker et al 1988for T.aestivum and the rest are from McIntyre et al 1988. 
An explanation of the programme used for the sequence comparison is given on page 
22. Once the alignment has been made the data is presented as a dendogram. Each branch of the 
-
tree is joined at a node and the more nodes that have to be passed between species the more 
divergent these sequences are. Also the length of the branch between the node and the species 
name reflects homology hence in figure 3.7 the Australopyrum and Pseudroegneria sequences 
are less similar to each other than are the D genomes from tauschii and aestivum. 
The different alignment of the species shown in figures 3.7 and 3.8 show that regions 
of DNA separated by even short distances, in this case approximately 1. lKb, can be under 
different selection pressure. 
When we compare the results from these alignments with those for the probes in table 
5.2, we see that Pseudoroegeneria spicata does have greater homology to Australopyrum 
retrofractum than wheat. Some of the species tested in table 5.2 gave variable results 
depending on the probe used and the accession tested and this is reflected here in the sequence 
alignment data. 
111 
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infer a relatively close relationship between A.retrofractwn and Pseudoroegneria spicata 
which was investigated further in the hybridization assays in chapter.5 :J 
3.5 Primary sequence comparisons of whole IGS region. 
To compare the sequence of the IGS from all the plant species that appear in the 
literature (Table 3.1), the spacer region was dividea into three segments 1) 30bp of the 
26S gene to the A repeats. 2) The entire subrepeat region to the start of transcription. 3) 
From the start of transcription to the end of the spacer region including 30bp of the 18S 
gene, see Figure 3.5. These regions were first compared between species within the 
Triticeae, so the most conserved regions within the tribe could be identified. A search for 
these regions in the more distantly related plant species was then made. The species 
T.aestivum (Barker et al 1988 ); S.cereale (Appels et al 1986 ); and the D-genome of 
T.aestivum (Lassner et al 1987) were used in this initial comparison. The comparison 
was made using the Wiscons1n GCG6 programme Gap, then edited using the 
multisequence editor Lineup and printed with the consensus sequence to a plurality of 4 
with the programme Pretty. 
Table 3.1 The plant intergenic spacer regions studied in this thesis. 
Region number 
Plant s12ecies Ref 1 2 3 
Rye (Secale cereale) Appels \et al 1986. * * * 
Maize McMullenk t al 1986. * * * 
Squash(Cucurbita maxima) Kelly\ & Siegel 1989 * * * 
Wheat (T.aestivum) Barker \et al 1988. * * * 
radish Delcasso \et al 1988. * * * 
mung bean (Vigna radiata) Gerstner \et al 1988. *') * 
carrot Taira \et al 1988. *? 
Broad bead( Viciafaba) Kato et al 1985. *? 
Triticeae consensus McIntyre et al 1988. * * 
T .aestivum D genome Lassner et al 1987 
?= Uncertain, (on my part) that the sequence presented by authors is from this region but 
the information give n in the lif ature suggests that it is. 
Region 1 = the end of 26S gene to the start of main subrepeats 
Region 2 = the main subrepeat region to the start of transcription 
Region 3 = the start of transcription to the 18S gene 
3.5-1 The region 3' of the 26S gene to the main subrepeats (region 1). 
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This region was not available for all of the species studied (table 3-1) and two 
others (maize and rye) have only a very short sequence between the end of the 26S gene 
and the start of the main subrepeats. Because of the length variation, comparisons in this 
region were limited. The motif CCCTCCCCC immediately 3' of the 26S gene was 
conserved in all the plant species studied. This may indicate that, in plants, transcription 
of the 40S precursor usually stops at this site. 
3.5-2 The main subrepeat region (region 2). 
1 This region was compared for the 4 Triticeae specie~sing the G<:;G6 programme 
"Gap". The consensus sequence from this alignment was marked where it 
showed complete homology for 5 or more base pairs, the different motifs were colour 
coded. The whole array was then checked to see if any of the motifs were conserved 
within each repeat and, if so, was this motif present at the start of transcription. The 
sequence motifs CATG and CAAAA appeared in each of the repeats from the 4 sequences 
compared and then were repeated twice in quick succession about 120bp before the start 
of transcription. Both these sequences appear within the 30bp region that Appels (1986b) 
found to be conserved between wheat and rye and suggested that it may be involved in 
the establishment of preinitiation transcription complexes. In a subsequent paper, 
Nlclntyre et al (1988) compared the sequence conservation between the A repeats of 
several species within the Triticeae and then tabulated the number of times the various 
bases within the repeats disagreed with the consensus. The bases showing the least 
number of changes in this comparison correspond to the two sequence motifs mentioned 
above. 
In most of the subrepeats the conserved sequence motif was CCATGG (with the 
first C being the most variable) and CAAAA. It should also be noted that these sequence 
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motifs were 12 bp apart from the last G of CCATGG to the first A of CAAAA inclusive. 
This gap between the last G and first A is reduced to 7 and then 5 when these motifs are 
repeated 127 bp before the start of transcription. This is in the last (12th) A repeat 
A comparison was made using a consensus sequence of the subrepeats from the 
Triticeae to a consensus of the subrepeats from species in other families of the plant 
kingdom and indicated that the motif CA TG was perfectly conserved between them. The 
complete sequence for the IGS was not available for three of the species studied (Carrot, 
Broad Bean, and Mung Bean) and therefore it is not certain that the region analogous to 
the A repeats was compared. 
3.5-3 The region from the start of transcription to the 18S gene (region 3) 
This region, the external transcribed spacer (ETS), when compared between the 
species wheat, rye, T.tauschii and A.retrofractum, has many regions of good homology 
with stretches of 10-20bp conserved between all 4 species. The longest stretch of 
homologous bases starts 566bp from the 5'-end of the 18S gene and is conserved for 
87bp with only one mismatch in the rye sequence with a substitution of a T to a C. Within 
this 87 bp is the start of the 18S junction sequence used to produce the phenetic tree in 
Fig. 3-7. Among the 4 species, the sequence length from the start of transcription to the 
18S gene is quite similar with only A.retrofractum having an additional stretch of 29 bp. 
Within this 29 bp is a Taq I site which was not cleaved by Taq I in restriction digests of 
the clone, but several clones covering this region were sequenced and all confirmed the 
presence of this Taq I site. This region has the potential to form a stem-loop structure in 
which half of the bases could pair with each other. Although the formation of a stem-loop 
structure is unlikely in double stranded DNA, it may cause the formation of some other 
secondary structure which could prevent cleavage by the Taq I enzyme. 
The ETS is quite uniform in length between the four Triticeae species, with a 
length of approximately 1200 bp, while for other plant species such as cucumber, maize, 
radish, and mung bean it is shorter with lengths of 600 bp, 840 bp, 540bp, and 700bp, 
respectively. Because of this variation in length it was difficult to select a region from 
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which the analagous sequence could be compared between A. retrofractum and those 
plant species outside the Triticeae. For this reason an area covering 500bp upstream of the 
18S gene and 30bp of the gene, the "18S-spacer junction" of McIntyre et al (1988), was 
selected for the comparison. The comparison was made using the programme "Tree" 
(Smith, 1986). Using this alignment procedure it was found that too many gaps were 
introduced to effect the alignment of the A. retrofractum sequence. As the 18S-spacer 
junction didn't provide a satisfactory alignment a smaller number of base pairs were taken 
for a comparison. This time the 87bp discussed above as being the longest stretch of 
almost perfect homology between the Triticeae was used for the comparison. Using the 
Bestfit programme of GCG6 this 87bp from the Australopyrum sequence was compared 
to the whole of region 3 (the ETS) from each of the plant species above. The 87bp 
sequence showed very little homology to mung bean, cucumber and radish sequences 
with only 10-20 bp matching with a% similarity ranging from 75-100%, but it was not 
the same region within the 87bp of the A. retrofractum sequence that was homologous to 
the other species. For maize there is 77% similarity for 7 4bp within the ETS to the 87 bp 
sequence. This again indicates that this region of the spacer is very divergent between 
distantly related plant species. Only the maize sequence, being within the Gramineae, 
shows any significant homology. 
The sequence from the ETS was run in the Fold programme (GCG6). The results 
obtained were very complex with only the 87bp region discussed above having a 
simmilar secondary structure between the Triticeae species examined. 
3.6 Discussion. 
The heterogeneity of the IGS in both length and sequence structure for the plant 
species examined suggests that probes from the spacer region would be most suited for 
comparing relationships of species within a family or subfamily. Even within the same 
family the appearance of an extra restriction enzyme site can alter the length of the region 
under examination. For example in the D genome Nor locus of wheat, the overall spacer 
subrepeat region (region 2), called the "Taq-spacer" because it is flanked by Taq I sites, is 
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about lKb smaller than the B locus. If a probe was made from the region of DNA in the 
B locus that covers this 300bp fragment it could cause problems. This is because if Taq I 
digests were made of the genomic DNA, of the plant species to be analysed, this small 
fragment could be lost from the gel with T.tauschii species and any others with an 
additional Taq I site, and be unavailable for hybridization with the probe giving a false 
negative result. Alternatively the probe may be left with only a small fragment of 
homeologous DNA to which it can hybridize, making it less stable at stringent 
hybridization temperatures. 
Also with~n the IGS, some regions are much more variable than others. For 
instance, region 1 (from the 26S gene to the spacer subrepeats). This region in rye is 
much smaller than it is in the other Triticeae species examined here. Therefore probes 
should not be selected from this region as the analogous sequence could be absent from 
the other species under examination. When distantly related members within a family are 
examined (i.e. maize and the Triticeae in this study), we see the variation within the IGS 
is extensive. This variation involves not only the sequence but the overall length of the 
IGS. The variation in sequence was such that in a region considered quite well conserved 
within the Triticeae, the 18S-spacer junction, very little homology could be found to the 
equivalent region in maize. It would appear from these data that sequence comparisons 
from the intergenic spacer are only of value between species of a subfamily or tribe, and 
that the ideal probe length would be less than 500bp. Therefore when making 
comparisons between species in a tribe a probe from region 3 (the ETS) would be best 
suited for making the initial comparisons to eliminate those species with the least 
homology to the probe. Previous sequence studies by McIntyre et al 1988, have shown 
this region to be the most conserved within the Triticeae. Then a probe from the main 
spacer subrepeats, the most conserved feature of the IGS but with the greatest sequence 
variation, could be used to determine the species with the most similar Nor locus. 
The only sequence motif which was conserved between all the plant species 
studied was the CCCTCCCCC sequence at the 3'-end of the 26S gene which could be 
involved in terminating the 40S transcript. Studies by Vincentz and Flavell (1989) found 
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that the majority of 3' RNA termini corresponded with the 3'-end of the 26S gene or 
lObp further downstream. However they did find low levels of transcripts which 
extended up to 750bp into the spacer region of T.aestivum. Capesius and Appels (1989) 
however found no evidence of transcription beyond the 3 '-end of the 26S gene using 
wheat-rye hybrids. It is therefore possible that this sequence motif is involved in the 
termination of transcription. The conserved motifs CCA TGG and CAAAA in each of the 
main subrepeats, and their duplication 127bp from the start of transcription would 
suggest that they are involved in the initiation of transcription or binding some associated 
factors with this. These were the only motifs that could be found within the subrepeat 
region which show any resemblance to the sequence near the start of transcription, and in 
fact these were still within the subrepeat region. It seems that plants may be different from 
Xenopus ( see earlier ref) and Drosophila (Simeone, et al. 1985) in which the main 
subrepeats have extensive homology to the spacer promoters which in turn have 
homology to the main 40S promoter around the start of transcription. 
Region 3 contains extensive homology between the genera within the Triticeae, 
but this is not evident between distantly related families. This would suggest that the 
proteins involved in ribonucleoprotein assembly of the 40S precursor have diverged 
considerably between distantly related species. Alternatively, it is possible that the 
primary sequence structure does not play a significant part in the binding of these 
proteins. 
Figure 3-5a 
Sequence data of clone WR5. The intergenic spacer 
and flanking 26S and 18S gene regions of A. retrofractum. 
10 20 30 40 so 60 
GATCCGTAACTTCGGGAAAAGGATTGGCTCTGAGGACTGGGCTCGGGGGTCCCGGCCCCG 
70 80 90 100 110 120 
AACCCGTCGGCTGTCGGCGGATTGCTCGAGCTGCTCACGCGGCGAGAGCGGGTCGCCGCG 
130 140 150 160 170 180 
TGCCGGCCGGGGGACGGACCGGGAATCGCCCCTTCGGGGCTTTCCCCGAGCATGAAACAG 
190 200 210 220 230 240 
TCGACTCAGAACTGGTACGGACAAGGGGAATCCGACTGTTTAATTAAAACAAAGCATTGC 
250 260 270 280 290 300 
GATGGTCCTCGAGGATGCTGACGCAATGTGATTTCTGCCCAGTGCTCTGAATGTCAAAGT 
310 320 330 340 350 360 
GAAGAAATTCAACCAAGCGCGGGTAAACGGCGGGAGTAACTATGACTCTCTTAAGGTAGC 
370 380 390 400 410 420 
CAAATGCCTCGTCATCTAATTAGTGACGCGCATGAATGGATTAACGAGATTCCCACTGTC 
430 440 450 460 470 480 
CCTGTCTACTATCCAGCGAAACCACAGCCAAGGGAACGGGCTTGGCGGAATCAGCGGGGA 
490 500 510 520 530 540 
AAGAAGACCCTGTTCGAGCTTCGACTCTAGTCCGACTTTGTGAAATGACTTGAGAGGTGT 
550 560 570 580 590 600 
AGGATAAGTGGGAGCTCACGGGCGCAAGTGAAATACCACTACTTTTAACGTTATTTTACT 
610 620 630 640 650 660 
TATTCCGTGGGTCGGAAGCGGGGCATGTCCCCTCCTTTTGGC~CCAAGCCCGGTCTTACC 
670 680 690 700 710 720 
GGGCCGATCCGGGCGGAAGACATGTCAGGTGGGGAGTTTGGCTGGGCGGCACATCTGTTA 
730 740 750 760 770 780 
AAAGATAACGCAGGTGTCCTAAGATGAGCTCAACGAGAACAGAAATCTCGTGTGGAACAA 
790 800 810 820 830 840 
AAGGGTAAAAGCTCGTTTGATTCTGATTTCCAGTACGAATACGAACCGTGAAAGCGTGGC 
850 860 870 880 890 900 
CTATCGATCCTTTAGATCTTCGGAGTTTGAAGCTAGAGGTGTCAGAAAAGTTACCACAGG 
I 
I, 
910 920 930 940 950 960 
GATAACTGGCTTGTGGCAGCCAAGCGTTCATAGCGACGTTGCTTTTTGATCCTTCGATGT 
970 980 990 1000 1010 1020 
CGGCTCTTCCTATCATTGTGAA~CCAAGTGTTGGATTGTTCACCCACCAAT 
Eco RI 
1030 1040 1050 1060 1070 1080 
AGGGAACGTGAGCTGGGTTTAGACCGTCGTGAGACAGGTTAGTTTTACCCTACTGATGAC 
1090 1100 1110 1120 1130 1140 
AGTGTCGCGATAGTAATTCAACCTAGTACGAGAGGAACCGTTGATTCACACAATTGGTCA 
1150 1160 1170 1180 1190 1200 
TCGCGCTTGGTTGAAAAGCCATGGCGCGAAGCTACCGTGTGCCGGATTATGACTGAACGC 
1210 1220 1230 1240 1250 1260 
CTCTAAGTCAGAATCCAAGCTAGCATGCGACGCCTGCGCCCGCCGCCCGCCCCGACCCAC 
1270 1280 1290 1300 1310 1320 
GTTAGGGGCGCTTGCGCAAGGGCCCGTGCCATTGGCTAAGCCGGTCCGGCCGACGTGCCG 
1330 1340 1350 1360 1370 1380 
CGGCCGGCCGCCTCGAAGCTCCCTTCCCAACGGGCGGTGGGCTGAATCCTTTGCAGACGA 
1390 1400 1410 1420 1430 1440 
CTTAAATACGCGACGGGGCATTGTAAGTGGCAGAGTGGCCTTGCTGCCACGATCCACTGA 
1450 1460 1470 1480 1490 1500 
GATCCAGCCCCATGTCGCACGGATTCGTCCCTCCCCCACACCTCTCATTCAGCGACTGAG 
26S gene 3' enctl 
1510 1520 1530 1540 1550 1560 
GTTCCAATGGCCTCCTCATAGGCTACACGGCCAAGTCATGGACAAGAGAAATGGCAAAGT 1-------B repeat 1----
1570 1580 1590 1600 1610 1620 
CCCTTGTATGCCACAAGCAATCACCCGATAAGGCCAGTGGCGAGTACACTCAAAACTAT 
1630 1640 1650 1660 1670 1680 
TGCGCCAAGTGACCAAGATACATGGCCGATTCATGCCTAATACCATTGCAAAGTCATGGA 
--------------------------------------------------------4---
1690 1700 1710 1720 1730 1740 
CAAGACAAATGGCAAATTCACTAGTATGCCACAAGCAATCACCCGACAAGGGCTGTGGCA 
--B repeat 2------------------------------------------------
1750 1760 1770 1780 1790 1800 
AGTACACTCAAAAATATATGTGCCAAGTGACCAAGATACATGGCCGATTCATGCCTAATG 
1810 1820 1830 1840 1850 1860 
TCATTACAAAGTCATGGACAAGACAAATGGCA&~GCCCTTTGTATGCCATACGCAATCAC 
--------------~----B repeat 3-------------------------------
1870 1880 1890 1900 1910 1920 
CCAACAAGGGCAGTGGCGAGTACACTCAAAACTATATGTGCCAAGTGACCAAGATACATG 
1930 1940 1950 1960 1970 1980 
GTCGATTTCATGCCTAATGTGATTACCAAGTCATGGACAAGGGAAATGGCAAAAAAAGTG 
-TaqI------------end of B repeats1 
1990 2000 2010 2020 2030 2040 
GCCGACGCCGTCGGGGACGAAACTGGACGCGCGCCATGGAAAACAGGGCAAAAGCACCGA 
1------A repeat 1-------------
2050 2060 2070 2080 2090 2100 
CGGTGCACCGACGCGGCCACGGACGGGTACACGGGCAAAAAAGTGCCCGACGCCCGTCGT 
2110 2120 2130 2140 2150 2160 
GAACGAGACTGGACGCGCGCCATGGAAAACTGGGCAAAAGCACCGACGCGGCCACGGACG 
----------------1------A repeat 2---------------------------
2170 2180 2190 2200 2210 2220 
GGTACACGGGCACAGAACGTGAAGGACGGAGACACGGGCAAAAAAATGCCCGACGCCCGT 
2230 2240 2250 2260 2270 2280 
CGTGGACGAAACTGGACGCGCGCCATGGAAAACTGGGCAAAAGCACCGACGGGGCACCGA 
-------------------1-----A repeat 3-------------------------
2290 2300 2310 2320 2330 2340 
CGCGGCCACGGACGGGTACACGGGCCAAGAACGTGAAGGACGGGGACACGGGCAAAATAG 
• 
------------------------------------------------------------
2350 2360 2370 2380 2390 2400 
TGCCCGACGCCCGTCGTGGACGAAACTGGACGCGCGCCATGGAAAACTGGGCAAAAGCAC 
---------------------------------1------A repeat 4----------
2410 2420 2430 2440 2450 2460 
CGACGCGGCCACGGATGGGTACACGGGCAAAAAAGTGCCCGACGCCCGTCGTGGACGAAA 
2470 2480 2490 2500 2510 2520 
CTGGACGCGCGCCATGGAAAACAGGGCAAAAGCACCGACGGGGCACCGACGCGGCCACGG 
--------~---------A repeat 5--------------------------------
2530 2540 2550 2560 2570 2580 
ACGGGTACACGGGCCAAGAACGTGAAGGACGGGGACACGGGCAAAAAAGTGCCCGACGCC 
2590 2600 2610 2620 2630 2640 
CGTCGTGGACGAGACTGGGCGCGCGCCATGGAAAACTGGGCAAAAGCACCGACGGGGCAC 
----------------------t------A repeat 6---------------------
2650 2660 2670 2680 2689 2700 
CGACGCGGCCACGGACGGGTACACGGGCCAAGAACGTGAAGGACGGGGGCACGGGCAAAA 
2710 2720 2730 2740 2750 2760 
TAGTGCCCGACGCCCGTCGGGGACGAAACTGGACGCGCGCCATGGTAAACTGGGCAAAAG 
------------------------------------t-----A repeat 7--------
2770 2780 2790 2800 2810 2820 
CACCGACGGGGCACCGACGCGGCCACGGACGGGTACACGGGCCAAGAACGTGAAGGTCGG 
2830 2840 2850 2860 2870 2880 
GGACACGGGCAAAAAAGTGCCCGACGCCCGTCGTGGACGAGACTGGGCGCGCGCCATGGA 
--------------------------------------------------~---------
2890 2900 2910 2920 2930 2940 
AAACTGGGCAAAAGCACCGACGGGTCACCGACGCGGCCACGGACGGGTACACGGGCCAAG 
--A repeat 8-----------------------------~------------------
2950 2960 2970 2980 2990 3000 
AACGTGAAGGTCGGGGACACGGGCAAAAAAGTGCCCGACACCCGTCGGGGACGAAACTGG 
3010 3020 3030 3040 3050 3060 
ACGCGCGCCATGGTAAACTGGGCAAAAGCACCGACGCGGCACCGACGCGGCCACGGACGG 
----t--~--A repeat 9----------------------------------------
3070 3080 3090 3100 3110 3120 
GTACACGGGCCAAGAACGTAAAGGTCGGGGACACGGGCAAAAAAGTGCCCGACGCCCGTC 
3130 3140 3150 3160 3170 3180 
GTGGACGAGACTGGGCGCGCGCCATGGAAAACTGGGCAAAACGACCGACGGGGCACCGAC 
------------------~----A repeat 10--------------------------
3190 3200 3210 3220 3230 3240 
GCGGCCACGGACGGGTACACGGGCCGACGCCGTCGGGGGCAAAAAACATGAAGGGCGGGT 
3250 3260 3270 3280 3290 3300 
CCGGTGAAAAACGGCCTATACGCCATGGAAACTGGCCAAAAATGGCCAATGAACGTCAGG 
- - - - - - - - - - ~-------A repeat 11---- - - - - - - - -
3310 3320 3330 3340 3350 3360 
AAACGGTGCCATGGCAGCGAAAACGTGTCTCATGGCAGAAAAACTGCCGTGGAGCGTCAA 
3370 3380 3390 3400 3410 3420 
AACATGAAGGCGGTCCGTGAAAACGGCCTATACGCCATGGAAACTGGGCCAA.~TGGCC 
- - - - - - - - - - - - - - - - ~----A repeat 12-------- - -
3430 3440 3450 3460 3470 3480 
AATGAACGTCAGGAAACGGTGCCATGGCAGCGAAAACGTGTCTCATGGCAGAAAAACGCT 
- - - - - - - - - - I Repeat of conserved I subrepeat sequence 
3490 3500 3510 3520 3530 3540 
GCCGTGGCAGCGTTTCAAAACAGTGTACCCCTTCTTCACTAGCTGAAGGGCAGGGGTCCC 
3550 3560 3570 3580 3590 3600 
AAGGGGGGCTAAACCCCTCGGGTATAGTAGGGAGGAGGGGTCCTCCCGGTTGGGCGTTGG 
+l start of transcription 1--
3610 3620 3630 3640 3650 3660 
GAACACGGGCGGTTTTTCATATGAAAAACCCCCGTTTCTCCCGTAGCCCAATTCGTTCCC 
----Inverted------- ---Repeat------------1 
3670 3680 3690 3700 3710 3720 
AACGTTGCGTCGGATGTCCCGTCGTTATGCCATCACAAAGGTGGTGGCCCGGTCTCGTGT 
~----c repeat 
3730 3740 3750 3760 3770 3780 
ACGTCTCACGTGAAATCCTGACCCAACAGCCGAACGTGGCTCGGGAAACAGGAAAGTAGC 
l----------------------------------------------------------
3790 3800 3810 3820 3830 3840 
CCGTTTCGCACATGGTCCGACCGACGGTAAACAGTCGCAACGGTGTCCCTCGGTTGTCGC 
-------I 
3850 3860 3870 3880 3890 3900 
CTCCGGAAAACCGTTGCCCCCCGGGGGCAACGTCATCGCTGTCCCGGTCCCCTGTACGCT 
1---c repeat 2-----
3910 3920 3930 3940 3950 3960 
CTCACGTGAAATCCTGACCCAACAGCGAACGTGGCTCGGGAAACAGGAAAGTAGCCCGTT 
3970 3980 3990 4000 4010 4020 
TCGTGCACGATAAGACCGACTGGACAACGTTGCACCGACGTCCCGATAAAGTCGCCTTCG 
--1 
4030 4040 4050 4060 4070 4080 
GAAAAAAGTTGCCCCCGTAATGTTTGCTCGATCTGCTCACGCGGCGAGAGCTCATTGTTG 
Non restrictable Taq I site 
4090 4100 4110 4120 4130 4140 
CGGGTGTGACACACGCGTGATTTGGCCTTGCAGGACGCCTTCGTGCAAGTGATCCTCTCG 
4150 4160 4170 4180 4190- 4200 
TGCTCTGCACGGGCGGAGGCTTGGTTGGCTTGACCGCTTGTTGGCTACTAAGCGCATGAG 
4210 4220 4230 4240 4250 4260 
TAGCTTTGGACCCGTGTCTGCCGGTAGATCCCCCGTTGTACTGCGGCCGACTACCGGCGC 
~--Start 18S spacer 
4270 4280 4290 4300 4310 4320 
CGTGTCCCGTCAATCGTGTGGCTTCGAATCGCTAGATI'AAGAGTGCTTGCGTGCTAGTAC 
junction-- Taq I 
4330 4340 4350 4360 4370 4380 
CCGACCTACGGGAAGTGGTGCTTCGTATAATTGTTGCCTCGCGGCGGACGCCTCTGGGTG 
4390 4400 4410 4420 4430 4440 
TGCCGCTGCGGCCAGATTGCGCTTGCGGCGTGCCTCGTGGTGCTGGCACTTAACGTGCCT 
4450 4460 4470 4480 4490 4500 
GCTGCTATCAAGGCAACCTCGCTCCCGCTGTTGGTCTCGGATGCTGCTCACGATA.~GGC 
4510 4520 4530 4540 4550 4560 
TCGTGGCCCTTTTGGTTGCCTCGACCCGACCCAAAGCTCTCCGAACTGAGAACAACCGGA 
4570 4580 4590 4600 4610 4620 
ACAGAAGTTGCCTCTACCTCTCCACCAGTTACGTGGTAGGATACGCGGCTCTCTGCGCCG 
4630 4640 4650 4660 4670 4680 
ATCCTCATGGAGGATGAGCTATGCCGCTCAAAAGCGACAACCGGCCCGGCTGTTGGCTAT 
4690 4700 4710 4720 4730 4740 
GCGTTTCCACGCAAGTGGAAGTGCTGGACGACAGCCGACGCTGGGCGTCACCGAGGACGT 
~5'-end 
4750 4760 4770 4780 4790 4800 
GCTACCTGGTTGATCCTGCCAGTAGTCATATGCTTGTCTCAAAGATTAAGCCATGCATGT 
18S gene. 
4810 4820 4830 4840 4850 4860 
GCAAGTATGAACCAATTTGAACTGTGAAACTGCGAATGGCTCATTAAATCAGTTATAGTT 
4870 4880 4890 4900 4910 4920 
TGTTTGATGGTACCGTGCTACTCGGATAACCGTAGTAATTCTAGAGCCTAATACGTGCAT 
4930 4940 4950 4960 4970 4980 
CAAACCCCGACTTCTGGGAGGGGCGCATTTATTAGATAAAAGGCTGACGCCGGGCTCTGC 
4990 5000 5010 5020 5030 5040 
TCGCTGATCCGATGATTCATGATAACTCGACGGATCGCACGGCCTTCGTGCCGGCGACGC 
5050 5060 5070 5080 5090 5100 
ATCATTCAAATTTCTGCCCTATCAACTTTCGATGGTAGGATAGGGGCCTACCATGGTGGT 
5110 5120 5130 5140 5150 5160 
GACGGGTGACGGAGAATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCAC 
5170 5180 5190 5200 5210 5220 
ATCCAAGGAAGGCAGCAGGCGCGCAAATTACCCAATCCTGACACGGGGAGGTAGTGACAA 
5230 5240 5250 5260 5270 5280 
TAAATAACAATACCGGGCGCAATAGTGTCTGGT~.ATTGGAATGAGTACAATCTAAATCCC 
5290 
TTAACGAGGATCG 
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Chapter 4 Establishing a Hybridization Assay to 
Characterise Nor Loci. Survey of Triticum Species using NOR 
probes 
Introduction. 
Using DNA sequencing techniques it is only feasible to study a few of the 300-
1000 rDNA units at the Nor locus. To assess how representative a single ribosomal DNA 
unit is of the many units present at a Nor locus a hybridization assay was investigated. A 
single rDNA unit was used as a probe to see if it could unambiguously identify the Nor 
locus from which it was isolated. This was determined in a comparative assay by 
estimating the level to which the probe remained hybridized to genomic DNA after the 
filters had been heated at a temperature which would remove 50% of homologous DNA-
DNA duplexes. The behaviour of the probe in this assay depends on the degree of 
mismatch in the base pairing between the probe and the rDNA to which it hybridizes, 
relative to the homologous hybrid. To establish the assay and determine its effectiveness, 
rDNA probes isolated from various species of Triticwn (Table 4-1) were hybridized to 
total genomic DNA from Triticum species obtained from Dr. Kimber, Columbia 
Missouri. 
Table 4-1 Ribosomal DNA clones used as probes. 
Plasmid Approximate size Genome Plant species 
1. pTa250.4 2.7Kb Taq fragment B T.aestivum 
2.pTtimRl 4.6Kb Barn fragment G T.timopheevii 
3.pTsR3 4.5Kb Barn fragment Bs T.speltoides 
4.pTmR6 4.5Kb Barn fragment A T.monococcum 
5.pTtR6 4.2Kb Barn fragment D T.tauschii 
6.T5N5 l. lKb.Nco-Taq fragment w A .retrofractum 
Barn fragments cover the whole IGS plus flanking 18S and 26S gene regions and Taq fragments 
cover the central spacer region of the IGS. See figure 3.1(4) 
For the region covered by probe T5N5 see figure 3.5. 
For the origin of Triticum probes see Gill and Appels 1988 and McIntyre et al 1988 
, I 
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The Triticum species chosen have all been previously studied in considerable 
detail using a range of taxonomic techniques (Kimber and Feldman,1987). Gill and 
Appels (1988) studied the relationship between species of the Triticeae using a 
hybridization assay under stringent conditions and these demonstrated that clear 
homologies could be established between the Nor locus probes and their respective 
genomic DNA. The work in this chapter extends these earlier studies. 
Method 
Preparation of DNA for Southern Transfer and Hybridization assay 
15µg of genomic DNA was digested with either Taq I or Bam HI restriction 
enzymes and incubated at 650C and 370c respectively for one hour and the sample 
loaded onto a 1.5% agarose gel. The gel was run at 36 mA overnight until the 
bromophenol blue had travelled 18cm from the origin. The agarose gel was photographed 
over a UV light box to determine that all the DNA samples had been cut by the enzymes. 
The agarose gels were trimmed at 3cm and 15cm below the wells and the middle 12cm 
used for a Southern transfer as described in chapter 2. These nitrocellulose filters were 
used for hybridization to nick-translated probes of cloned DNA from the ribosomal IGS. 
After hybridization at 37°C the filters were washed in 2xSSC 0.1 % SDS to remove the 
unbound probe and then autoradiographed. After a suitable exposure time, usually 
overnight, the film was developed and the filters washed in 50% formamide T.E. at 
67°C. to remove 50% of homologous DNA-DNA duplexes. The filters were re-exposed 
to X-ray film for sufficient time to allow the intensity of the control DNA bands to 
approximately equal that of the original intensity. All the other bands on the gel were then 
judged to be less than, equal to or more homologous to the probe, as estimated by band 
density, than the control DNA. 
Results 
Assay of diploids and polyploids with known Nor loci 
The Nor locus probes from the A,B,D, and G genomes were used in assays to 
identify their homologous DNA in the wild wheats. The complete data set for the reaction 
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of these probes on the Triticum species analysed is summarised in table 4-2. This table 
lists the species tested ( obtained from Dr Kimber) with their genomic designation. The 
hybridization of the probe, to the genomic DNA of the species under test is judged to be 
less than ("< ") equal to ("=") or more (">") homologous than its hybridization to the 
control Chinese Spring DNA. From this, it is clear that when cross-hybridization occurs, 
it generally correlates well with the presence of an homologous genome as judged from 
meiotic pairing studies (reviewed in Kimber and Feldman 1987). It must be emphasised 
however that, with a polyploid genome, a negative result may arise not only from the 
absence of homology to a probe but also because of the loss of the Nor locus from the 
homologous genome of the species under test. A negative result therefore does not 
necessarily imply a lack of relationship. On the other hand, a strong hybridization 
between a particular probe and the Nor of a species under examination, clearly indicates a 
close relationship and this is the feature of the assay that is exploited. 
The results obtained for the six probes used on the Tri ti cum species are given in 
table 4-2. The probes are listed by their genomic designation across the top of the table. 
An "x" is placed under the signs"<","=",">" to indicate the level of hybridization the 
Taq-spacer bands showed to the probes. If an "x" appears in more than one column it 
indicates that there is more than 1 Taq-spacer length in the genomic DNA and that the 
probe hybridized differently to these bands. 
Legend. 
<x or x> = The probe showed less "<x" homology or more "x>" homology to the DNA 
from this species than others in the same column but not enough to warrant moving into 
the next column. 
0 = No hybridization to the probe under the conditions used. 
The results for the five Triticum probes are summarised below. An explanation for the W 
genome (A.retrofractum) results is given in chapter 5. 
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Table 4-2. 
The homology of the various probes after 67°C wash, to the collection of Triticum 
species from Gordon Kimber. 
Probe 
Bs G w A B D 
Triticwn sp. genome < = > < = > < = > < = > < - > < = > -
triaristatwn UM <x <x <x X X X 
triaristatwn UMUn <x X X X X X X 
timopheevii AG <x X X X 0 X <x 
sharonensis BSh X X X X X X 
dichasians C x> X X X X X 
longissima Bl X X X X X X 
syrzacwn DMB X X <X X X X X X 
monococcum A X X X X X X 
turgidum AB X <x X X X X X X 
tripsacoides Mt <x X X X X X 
umbellulatwn u X X X X X X X X 
colwnnare UM X X X X X X 
comosum M x> X X X X X 
speltoides BS X X X X <x X 
macrochaetwn UM X X X x> X X 
mwzciale UC X X X X X X 
cylindric um CD X X X X X X <) 
kotschyi UBS X <x X X X X 
kotschyi UBS X X <x X X X 
tauschii D X X X X X X 
bicorne Bb x> X x<x X X X 
-
ventricosum DUn x> X <x X X <x 
ovatum UM x> X X X X X 
) uvenale DUM X X <X X X X X <x X 
crassum DDM X X X X X X X <x X 
uniaristatum Un X X X X X X 
searsii Bse X 
41 
I.The D Nor probe from T.tauschii var.strangulata (McIntyre et al 1988). 
It is evident from this data that the species T.juvenale and T.crassum, hexaploids 
with the genomes DMU and DDM respectively, and T.cylindricum (a tetraploid with the 
genomes CD) contain Nor sequences which are closely related to T.tauschii. This 
contrasts with the species T.syriacum (genomes DMB) and T.ventricosum (genomes 
DUn) that do not contain closely homologous sequences to the rDNA clone from 
T.tauschii. An example for this probe is shown in figure 4-1. 
2. The BS Nor probe from Triticum speltoides. 
This probe hybridizes well to all the Triticum species at 37°C. After the 67°C 
wash the probe remainedJ firmly hybridized to genomic DNA from T.speltoides. It 
also showed a' strong homology to T.timopheevii (AG genome) and T.turgidum 
(AB genome). The remaining species containing the B genome showed a level of 
hybridization equivalent to that of the Chinese Spring control, except for T.sharonensis 
(BSh), T.longissima (Bl), T.syriacum (DMB) and one accession of T.kotschyi (UB). 
These last four species showed less homology than the control (fig. 4-2). 
3. The B genome Nor probe isolated from wheat. 
The result given by this probe is an interesting contrast to that of the probe from 
T.speltoides. For this probe only T.turgidum (AB) hybridized more strongly than the 
control, T.speltoides had equivalent hybridization. The probe was lost from all the other 
species at the 67°C wash (fig. 4-3). 
4. The G genome Nor probe from T.timopheevii. 
This showed greatest homology to T.timopheevii (AG) and T.speltoides (BS) 
genomes. The AB genome of T.turgidum was equal to that of the control and all the 
others were much less homologous (fig. 4-4). 
E § ;::s 
Co") 
-..... . .... C) ~ E E ?"\ ..... ~ E ....... '-1 ~ Co") 
.s:! I~ ~ ..... ;::s ..... '-1 lo,... lo,... ;::s ~ Co") lo,... C) 
- -
~ Co") ~ Co") ;::s ~ l::j ;::. ~ ..... 
-
'-1 ~ C) E ..... ~ ;::. ;::s lo,... 1 ~ ..t:) ;::. C) ·-:,, '-1 ;::s 10 
h h h h h h h h 
C.P.I. 261 77 78 79 80 81 82 83 84 C.S. 
.37°C 
64°c 
Figure 4.1. 
The D genon1e probe from T. tauschii hybridized to Triticwn species. The 
top gel is after 37°C hybridization and the botto1n gel is the same filter 
after a stringent wash. Several Taq-spacer bands have lost intensity to the 
probe, most notable of these is T. ventricosum lane 5 (genome nun). 
Notice that the bands of T. tausc/iii, lane 3, and the D genome bands in the 
two wheat controls, the lower bands in lanes 1 and 10, have gained in 
intensity after the stringent wash. 
The nun1bers at the top of each gel relate to the last two digits of the CPI No. in the list of 
Triricwn species in appendix I. 261 is the wheat cultivar Warigal 
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Figure 4.2. 
The B5 genome from Triticum speltoides was used in this assay,with the 
same conditions as those in Figure 4.1. The homologous DNA from T.speltoides, in lane 
6 and 7, show stronger hybridization to the probe after the stringent wash compared to 
the Chinese Spring DNA. However n1ost of the other species showed a level of 
hon10Iogy equal to that of the Chinese Spring. T tripsacoides, a diploid with the genome 
1\11 t, showed the least hornology. 
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Figure 4.3. 
The B genome probe fron1 T.aestivum under the same assay conditions as in 
figure 4.1. Th is probe contrasts with the BS genome probe from T.speltoides in that only 
species with the B genon1e remain hybridized after the stringent wash i.e. T. turgidum 
(A 13 genome) lane 2, wheat lane 1 and 10, and the BS genome of T. speltoides lane 6. 
261 is the wheat cultivar Warigal 
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Figure 4.4. 
The G genome probe from T. ti,nopheevii was used in this assay under the 
san1e conditions as in Fig. 4.1. In this example the probe remains hybridized only to its 
hon1ologou s DNA, the species T. timopheevii lane 3, after the stringent wash. 
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5. The A genome Nor probe from T.monococcum. 
This probe hybridized weakly to all but its own genomic DNA and most species 
showed equivalent hybridization to that of the control DNA. The AB genome of 
T.turgidum had equivalent hybridization to that of Chinese Spring. The AG genomes of 
T.timopheevii did not hybridize to this probe at 370c. 
Discussion. 
An interesting feature of this survey is the close homology that the B5 genome 
probe from T.speltoides shares with the other species of Triticum. The genomes showing 
the least homology are UM x4 and UMUn x6 of T.triaristatum and the Mt genome of 
T.tripsacoides. The A genome of T.monococcum and the Bl genome of T.longissima 
show better homology to the BS genome probe than the above two species but less 
homology than the rest of the Triticum species. The B genome is thought to have 
combined with the. A genome to produce the polyploids of T.timopheevii (AG) and 
T.turgidum (AB) and it is interesting that the BS genome probe from T.speltoides 
hybridizes more strongly to these than it does to wheat. The G genome probe from 
T.timopheevii also hybridizes very strongly to the BS and AB genomes. On the other 
hand the B genome probe from wheat hybridizes most strongly to T.turgidum (AB) and 
at a lower level to T.speltoides (BS) but not to the AG genome of T.timopheevii or any 
other species. If the B genome did give rise to the G genome of T.timopheevii (AG) and 
the B genome of T.turgidum (AB) these two Nor loci must have evolved in different 
ways, and to such an extent that the B genome from wheat no longer shares any 
significant homology to the G genome. The hypothesis that these two genomes have 
diverged from each other is more likely than the loss of the homologous genome from the 
species especially as the A genome probe from T.monococcum doesn't hybridize at all to 
the Taq-spacer DNA from T.timopheevii (AG genome). It must be remembered however, 
that these hybridization temperatures are quite stringent and hybrids may fonn under less 
stringent conditions. 
Each of the probes used hybridized most strongly to the DNA of the plant species 
from which it was isolated. The probes showed varing degrees of homology to the other 
species often detecting the presence of the homologous genome in a polyploid 
background although this wasn't always the case. One example of this is the behaviour of 
the D genome probe from T.tauschii to the polyploids carrying the D genome. According 
to the chromosome pairing studies of Kimber and Feldman (1987) the D genome in the 
tetraploids T.cylindricum and T.ventricosum is essentially unaltered from that of 
T.tauschii yet our D genome probe hybridized well to the Nor locus of T.cylindricum and 
only weakly to that of T.ventricosum. This indicates that at least at the level of the Nor 
loci the D genome of T.ventricosum is altered. At the hexaploid level T.crassum, 
T.juvenale and T.syriacum all have substantially altered D genomes, from that of 
T.tauschii, according to chromosome pairing. Yet the NOR probe hybridizes well to both 
T.juvenale and T.crasswn indicating close homology between their Nor loci. 
V aria ti on often occurred between different accessions of the same species. This 
observation is illustrated by the fact that the T.timopheevii probe (G genome) showed 
homology, under stringent conditions, to the BS Nor locus of T.speltoides in the present 
study but not to the accession analysed by Gill and Appels (1988). Similarly the study by 
Gill and Appels (1988) revealed variation in the level of homology among different 
accessions of D. villosa to the A genome probe. 
Overall the survey indicates that single ribosomal units are representative of the many at 
the particular locus from which they are isolated and can be used as probes to detect 
homologous sequences. 
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Chapter 5. The Position of A.retrofractum Within the Triticeae 
a.s. 
Determined bv Two Probes from the Nor Locus, 
Introduction. 
In chapter 3 the sequence data from the spacer region of single rDNA units were 
compared and the degree of sequence homology was used to establish 'between species' 
relationships. The assay in chapter 4 established the value of the Nor locus sequences in 
detecting homologous DNA in other plant species. In this chapter the two Nor sequences 
characterised in chapter 3 from Australopyrum retrofractum rDNA were used in a survey 
of Triticeae species. The species and accession lines used are listed in appendix 1. The 
qualitative assessment of the hybridization was made using Chinese Spring DNA as a 
control. (Chinese Spring has 3 Nor loci - two B genome loci on chromosomes lB and 6B 
and a D genome locus on chromosome 5D.) This was because it was felt that using 
A.retrofractum DNA as the control may have been too selective. Any genera that showed 
greater homology to the probes than Chinese Spring would then be re-evaluated using 
A.retrofractum DNA as the control, to determine which of the genera had the closest 
homology to the probes. 
Methods 
In addition to the hybridization assay, these same gels were used to measure the 
spacer length variation that is found in the intergenic SIJacer between 18S and 26S genes 
of Triticeae species. These measurements were made from the autoradiograms of the 
filters on which plant genomic DNA, cut with BamHI, had been hybridized. The 
measurements were made in relationship to the position of the Chinese Spring band. This 
band represents the entire IGS plus flanking 3'-26S and 5'-18S gene regions for the B 
genome loci, 1 B and 6B. The IGS from these loci are very similar in length and are 
approximately 5Kb. This doublet was designated 1 and the gel below this was marked off 
at 1mm intervals and the positions designated 2,3,4 etc. The bands below that of Chinese 
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Spring were assigned a number determined by their position on the scale. Similarly at 
1mm intervals above this band the regions of the gel were designated A,B,C etc. and the 
bands were lettered according to their position. Table 5-1, at the end of this chapter, lists 
the species in the survey and their band sizes. Most of the species studied had more than 
one spacer length variant. The band sizes for each digest were plotted on a graph under 
their respective genomic designation Fig. 5-1. 
The data were also used in a detailed computer analysis, kindly performed by Dr 
B.Baum (Agriculture Canada, Central Exp. Farm, Ottawa, Ontario, Canada.). In this 
analysis the data matrix was subjected to the two-stage density clustering of Sarle (1985) 
over a range of K (the number of neighbours for the Kth clustering) in order to find 
regions of relative stability and thus the possible number of clusters that exist in the data. 
A correlation matrix was also deduced from the above data matrix and subjected to 
principal component analysis (Kshirsagar, 1972) to check for trends of variation among 
the variables to detect taxonomic structure in the data. Pairwise similarities were then 
computed using Gower's (1971) similarity coefficient. Similarity coefficients were 
converted to distance coefficients with the resulting matrix then used to detect taxonomic 
structure using a principal coordinate analysis. Finally a canonical discriminant analysis (a 
method of ordination) was also carried out, using the preceding data-matrices, on genera 
where more than one accession was available for study (the majority of genera 
examined). 
Results 
Survey of Triticeae species. 
The results in Table 5-1 summarise the data for all the species in the survey and 
indicates the species that have stronger homology to the probes than Chinese Spring DNA 
after the 67°C wash, in 50% formamide / T.E. It must be stressed that at this wash 
temperature more than 50% of homologous DNA hybrids would be removed. The degree 
of homology to each probe is indicated by a "x" and two "xx" indicate very strong 
homology. Within the genomic digest of each species there are often several bands which 
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20 1 
21 1 
22 1 
23 1 
24 1 1 
25 4 2 
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27 5 3 
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Figure 5-1. 
This diagram illustrates the number and sizes of the IGS regions from the Triticeae species as determined from Barn HI digests. Where species 
with the same genomic designation share the same band size, a number indicates how many bands occur at each position. These measurements were t:ikcn 
to see if species possessing the same genome had similar spacer lengths. 
45 
hybridize to the probe. A positive score for that species is recorded if one or more of 
these bands shows better homology to the probe than the Chinese Spring DNA. A blank 
space means that the genomic DNA showed equal or less homology to the probe, after the 
670C wash, than the Chinese Spring control DNA. The data show that the probes 
hybridize most strongly to genera carrying the genomes P (Agropyron), S 
(Pseudoroegneria), J (Thinopyrum), Mt (Triticum), Elymus (SHY), Elytrigia (SX) and 
Leymus (JN). An example of the data in table 5-1 is the species Ag. cristatum # 102. It 
has band sizes E,D,B,A, and only band E showed greater homology than Chinese Spring 
to the T5 probe. The comparative degree of hybridization was not always easy to 
determine as it was a judgement of the level of hybridization remaining, after a stringent 
wash, compared to a control DNA and taking into account the initial degree of 
hybridization of the probe. Not all species with these genomes remained hybridized under 
the stringent conditions. The T2 probe did not hybridize strongly to many of the Triticeae 
species, including the Chinese Spring control DNA, which often hybridized only weakly 
• 
or not at all. The species from table 5.1 that showed the best homology to the 
Australopyrum probes T2 and T5 are grouped together in Table 5-2. This table lists the 
species with the number of accessions tested in the survey. For example the species 
Elytrigia pycnanther, there was only one species in the survey which was positive to T2 
and negative to T5 (under stringent wash conditions) showing only weak hybridization to 
the T5 probe at the initial hybridization temperature of 37°C. On the other hand where 
several accessions were available, variation could be demonstrated. 
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Table 5-2 From the large survey of Bam HI cut genomic DNA. The Triticeae . Samples 
showing possible more hybridization than Chinese Spring to A.retrofractum T2&T5 
probes. 
Species. no. 1n no. comments 
survey pos. TI T5 
Au.retrofractum 1 1 + + 
Ag .cristatum 5 3 + 
Elym.ciliare 3 3 + 
Elym.longearistatus 1 1 + 
Elym.scabrus 2 2 + 
Elym.semicostatus 1 1 + 
Elym.sibiricus 2 2 + 
Elym.trachycaulus 3 3 + + only 2 + to T2 
Elym.tsukushiensis 1 1 + + 
Elyt.pycnantha 1 1 + Poor hyb. to T5 • 
Le giganteus 1 1 + Poor hyb to T5 
Le .karatavensis 1 1 + Poor hyb to T5 
Pseu.aegilopodies 3 3 + 
Pseu.cognata 1 1 + + 
Pseu.libanotica 8 8 + + Only 1+ to T2 
Pseu.spicata 8 8 + + 
Pseu.stipifoli 2 2 + 
Pseu.stringosa 2 2 + 
Th.bessarabicum 2 2 + + 
Thjunceiforme 1 1 + 
T.tripsacoides 2 2 + 
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An example from Table 5.2. is the species Pseudoroegneria libanotica there were 
8 accessions in the survey all of which were positive to the T5 probe but only 1 was 
positive to the T2 probe. It can be seen from both tables 5-1 and 5-2 that the two probes 
did not hybridize equally to the species under test. This aspect of the survey is dealt with 
in the discussion. A selection of the genera appearing to have stronger homology to the 
probe than Chinese Spring DNA were checked using the DNA of Australopyrum as a 
control. These are listed in table 5-3. The assay was the same as that used previously 
except the genomic DNA was cut with Taq I and this time the filters were hybridized at 
420c and then washed at increasingly stringent temperatures 64, 66, 680C. The 
homology to the probe was scored relative to A.retrofractum DNA. A plus "+" indicates 
that there is still some hybridization to the probe after the 640C wash. The species 
showing the strongest homology to the probe at the most stringent temperature are 
indicated in the table. The majority of Elymus species assayed showed good homology to 
the two probes. The species Australopyrum pectinatum was also assayed on this gel.and it 
had the closest homology, see figure 5-2. 
Table 5-3. Survey using Taq I cut DNA and A.retrofractum as 
control. 
Species T2 T5 comments 
EI.Iongearistatus + The strongest hyb to T2 at 64-0C 
El.melantherus +w +w weak at 64°C 
El.semicostatus + 
El.scabrus + 2 of 4 bands hyb.at 670C 
El.tsukushiensis + The strongest hyb to T5 at 67°C 
A.pectinatum + + still equal hyb. at 700c 
Ps .libanotica + 1 of 4 bands hyb. at 670C 
Ag .cristatum + 1 of 4 bands hyb. at 670C 
Chinese spring + Top band B genome 
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The results of this assay are sun1rnarised in table 5.3. The data shows that 
Elym.us tsukushiensis has the closest hon1ology to the T5 probe and 
Elyrnus longearistatus the closest homology to the T2 probe. 
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The species of Triticum which were assayed in chapter 4 were also hybridized 
using the Australopyrwn probes. The full data set is listed in chapter 4 (Table 4-2) under 
the W genome. A summ~ of the species showing the closest homologies are listed in 
Table 5-4. 
Table 5-4. Triticum survey using Taq I cut_ DNA and A.retrofractum as 
control. 
T2&T5 probes after 67°C wash. 
sample 
no. Species Genome T2 T5 Comment 
113761 T.timopheevii AG + weak hyb.at 370c 
113768 T.tripsacoides Mt + 
113777 T.kotschyi us +w + Strongest with T2 
113778 T.tauschii D +w 
113767 T.turgidwn AB + 
113765 T.syriacwn DMS + Only 1 band remains at 670C 
113760 T.recta UMUn + Only 1 band remains at 670C 
113782 T.juvenale DMU + Only 1 band remains at 670C 
113783 T.crassum DDM +w Weak hyb. at 370c 
.:; 
113784 T.uniarit atum UN + 
113779 T.bicorn'lS Sb + 
This assay involved Taq I cut genomic DNA and Australopyrum DNA as the control. A · 
plus.("+") indicates that there is good homology to the probe after the 67°C wash, unless 
otherwise stated in the table. 
The species Triticum tripsacoides (Mt), T. uniaristatum (Un) and T. turgidum 
(AB) showed the closest homology to A.retrofractwn although several other species were 
clearly related. One accession of T. kotschyi (US) showed close homology to the T5 
probe but the other did not. This one accession of T.kotschyi also showed the best 
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homology to the T2 probe but it was quite weak. All the other species of Triticum did not 
show any homology to the T2 probe at 67°C. 
It was the Elymus species that showed the closest homology particularly E. 
longearistatus (SY) to the T2 probe and E. tsukushiensis (SHY) to the TS probe.The top 
band of the Chinese Spring DNA, from the B genome locus, also had very good 
homology to the TS probe. The difference in hybridization shown by the two probes is 
\most 
discussed below. Overall the survey demonstrated that A.retrofractum wasJ~losely related 
to the Triticum I Elymus I Pseudoroegneria species. This observation was consistent with 
the results from the sequence comparisons in Figure 3-7 and 3-8 and suggests that it may 
be useful to clone rDNA from these species for further study. 
RFLP variation and its correlation with genomic designation. 
It can be seen from Fig.5-1 that the majority of the RFLP variation within the 
Triticeae cluster in the band range F to 6, with the exception of the H ordeum species (H, 
Hv genome) which have a much smaller band size. The graph does not reveal any other 
obvious clustering of species with the same genomic designation that is sufficiently 
distinct to differentiate them from the others. Figure 5-3 is an example of how some of 
the information has been summarized from such a data set in the form of a 2-dimensional 
representation (Baum personal communication). The amount of variation in the data is 
clearly evident, and useful groupings such as the "H" genome samples are immediately 
obvious as a relatively cohesive group of points. A further summary of the data is 
possible where the information from all representatives of a genus are pooled into a 3-
dimensional representation and this is illustrated in Figure 5-4 
This data showed that in some cases species which possess the same genome tend 
to have band sizes more similar to each other than to species of another genome 
(e.g.Hordeum sp.). 
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A 2-diniensional representation of son1e of the RFLP data listed in table 
5.1. the letters P, N and H represent the genomic designations of species 
from the genera Agropyron, Psathyrostachys and Critesion. The H 
genome species cluster in a tighter group than the other two but the 
variation within the P and N genomes is less than the variation between 
th ese three genera. 
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Discussion 
In the survey of Triticum species discussed in chapter 4, variation was observed 
in the degree of homology that the probes showed to different accessions of the same 
species. Similar results were obtained in this assay. For example, of the five accessions 
of Ag .cristatum in the survey, only three hybridized under stringent conditions to the T5 
probe. Similar variation was seen with the T2 probe. For example, of the three Elymus 
trachycaulus accession lines, all three were positive to T5 but only two were positive to 
the T2 probe. (see table 5-1) This variation between accession lines is something that 
must be kept in mind when comparing sequence data from clones obtained from one 
plant. A clone may be representative of all the rDNA units within that plant but not of 
rDNA units of other accession lines of the same species. The value of the hybridization 
assay is that many more species can be examined using the probes, as described in this 
chapter, than it would be possible to carry out using sequence comparisons. 
A problem encountered with the interpretation of the data was the wide variation 
in the absolute amount of probe which hybridized to the DNA, caused by the different 
number of rDNA units present at the Nor loci of the species. This meant that strongly 
hybridizing and weakly hybridizing bands had to be scrutinized very carefully to 
determine the relative loss of probe between the 37°C hybridization and after the stringent 
' 
wash. A weakly hybridizing band could also be due to poor homology to the probe. It 
should be emphasized that a negative score in one of the probe columns does not mean it 
has not remained hybridized at all, only that it is less tfian the control DNA. 
The observation that the two probes from the Australopyrum IGS did not always 
hybridize to the DNA under test with the same intensity was an unexpected result. Taking 
into account previous observations on the evolution of the intergenic spacer, probe T2 
from the subrepeat region should be the most divergent and probe T5 the more 
conserved. Thus one can predict that the TS probe should hybridize to all the species to 
which the T2 probe hybridizes and, conversely, that the T2 probe would be more specific 
and hybridize only to some of the DNA samples that T5 hybridizes to. Although this is 
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true for some genera ( for example Triticum, table 5-4) and Pseudoroegneria, this is not 
the case for the two Leymus (JN) species, and Elytrigia pycnantha (SHY) (table 5-2). For 
both these genera the TS probe only hybridizes weakly at the initial hybridization 
temperature of 37°C. This would indicate that there are very few copies of the homologus 
sequence in the genome under test or that there is very weak homology to the probe. As 
the band was removed after the wash it would suggest, in this case, that the faint band 
was due to weak homology to the probe. Similarly, the DNA cut with Taq I (table 5-3), 
showed that Elymus longearistatus hybridized more strongly to the T2 probe than to T5. 
This would indicate that regions of the intergenic spacer within the subtribe Triticeae are 
evolving at different rates. These apparent different rates of evolution within the IGS, 
suggest that the various regions may be under different selection pressures or constraints. 
For example the B repeats in the Australopyrum IGS are present in the IGS of wheat but 
absent in the rye IGS, implying that they are not as essential for rRNA expression as are 
other DNA sequences. Considering that the Triticeae are a relatively closely related tribe, 
as far as evolutionary diversity is concerned, the rDNA results indicate a much more 
complex pattern of change is taking place than was originally thought. This would explain 
why the central spacer region ( probe T2) hybridizes strongly, under stringent conditions, 
to Leymus giganteus, L.karatavensis and Elytrigia pycnantha, whereas the T5 probe does 
not. As explained above the T2 probe comes from the central spacer region and this 
region has been identified in all species examined so far. The T5 probe, contains 300-
400bp of the most diverged subrepeat region, the start of transciption, plus 900bp 
towards the 18S gene. It is thus possible that most of the region downstream of the 
transcription start has been deleted from the species which have weak homology to the T5 
probe at 370c. This would lead to weak hybridization to the T5 probe since the subrepeat 
region remaining on the T5 probe would be more divergent than that on the T2 probe and 
hence shows less homology to the DNA under test. 
An interesting observation in the survey was the complete lack of homology 
between the Australopyrum probes and Brachypodium sylvaticum and B .flexum. As two 
species of Brachypodium were formally reclassified into Elymus and Australopyrum by 
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Veldkamp and Scheindelen ( 1989), on the basis of morphological data, it would be of 
interest to hybridize the Australopyrum probes to DNA of the two species examined by 
Veldkamp and Scheindelen, from a New Guinea collection of plants. As soon as 
specimens can be obtained for DNA extraction this analysis will be carried out. 
Overall it is evident from this study that a probe from the spacer region is 
probably only useful for assessing relationships within a tribe. The great diversity of the 
structure of the spacer between families could mean (a) the sequence is too divergent to 
give any hybridization or (b) the region chosen is not present in the spacer under test. 
"Within tribe comparisons" are most clearly resolved using the spacer subrepeat region 
and positive hybridization with probes from this region clearly indicates a close 
relationship at the Nor locus. When used in conjunction with stringent washes, the DNA 
probe gives a good indication of the degree of similarity of the DNA hybrid and thus an 
indication of the degree of relatedness. The assay could be improved by monitoring probe 
loss over a range of temperatures. 
A clear limitation of this procedure is that Nor probes are only assaying 
similarities at the Nor locus and a close relationship at this locus does not imply that the 
species should be in the same genus. However the Nor locus of diploid species are likely 
to reflect the evolutionary status of the plant and a similar Nor spacer could also inf er a 
common ancestry. Interpretation of relatedness becomes much more difficult with the 
polyploids because when two or more genomes combine, the Nor loci do not evolve in 
isolation. In some cases one or more loci can be delet~ from the polyploid, as is evident 
in the A genome NOR in wheat. When hybridization occurs between a probe and a 
polyploid species it is difficult to estimate which genome is involved in the hybridization. 
Even if the probe is used for in situ hybridization it can be difficult to distinguish to which 
set of chromosomes the probe is hybridizing if the chromosomes of the genomes are 
similar. 
Dewey (1984) reported that there is a high frequency of Elymus-Leymus 
hybridization. This observation was not consistent with the fact that these species have no 
Figure 5 .5a. 
Jriticea evolve here on 
this land mass 
The proposed origin of the Triticeae species on the northern continent with 
the arrows indicating the radiation of the species outwards into what is 
later to becon1e Europe and North An1erica. 
The n1ap of the continents is reproduced from Briggs (1987). 
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I' 
53 
common genomes. The similar homology of these two species with the W genome 
probes could suggest that they share homology in certain chromosomal regions such as 
the Nor locus. Homologies of this type could provide a basis for unravelling the complex 
interrelationships between these genera. 
When discussing evolutionary relationships between species of the Triticeae one 
can enquire how a Southern hemisphere grass eg. Australopyrum has acquired a Nor 
locus similar to species that are predominantly found in the Northern hemisphere. One 
possible explanation for this is based on plate tectonics (Briggs 1987) and Triticeae 
distribution data (West et al, 1988). As discussed in a review by West et al (1988) the 
highest number of Triticeae species are found in the Mediterranean and Central Asian 
region in the Old World and the Northern United States and to a lesser extent South 
America in the New World. By the early Cretaceous (135 million years ago) the northern 
and southern continents had completely separated. The three terrestrial continents in the 
north were Westamerica, Euramerica and Asia and it is suggested that the Triticeae 
evolved in Euramerica and spread out from there. By the Palaeocene (65 million years 
ago), a single northern continent existed, and this would have allowed the spread of the 
Triticeae into West America. Sometime around the Eocene (55-40 MYA) Europe 
separated from eastern North America carrying with it representatives of the Triticeae 
species. By the Miocene (30-10 MYA) Europe had reached its present location and the 
drying up of the Turgai Sea led to the attachment of Europe to Asia (Fig 5-5a and b). This 
created two centres for the Triticeae, one in Europe-Asia and the other on the North 
American continent. Also by the Miocene these two land masses had reached their current 
latitudinal locations (Briggs, 1987) and the major speciation of the Triticeae probably 
commenced at this time, in these two centres. From the Miocene to the present, the 
species have been radiating outwards. The land bridge from North to South America, 
formed sometime from the Miocene to the present, would have aided the dispersal of the 
Triticeae to its third area of species richness in South America. The spread of the Triticeae 
from the Euro-Asia centre across Asia and down to Australia has been much slower than 
the spread of the American species. This is seen by the poor representation of Triticeae 
Figure 5.5b. 
The proposed spread of the Triticeae species after Europe separated from 
the northern continent in the Eocene epoch and reaching its present 
location in the Miocene. 
The map of the continents is reproduced from Briggs (1987). 
111 
54 
species away from the main centre of origin. The very meagre representation of the 
Triticeae in the Indonesian archipelago and Australia is probably due to the lack of a 
suitable land bridge for dispersal and Australia-New Guinea's late arrival at its present 
location (18 MY A). 
The relationship between Elymus and Australopyrwn is not surprising. Elymus is 
the most widely distributed genus in the Triticeae, according to Dewey (1984), and is also 
capable of forming intergeneric hybrids with Leymus and Elytrigia, other genera related 
to Australopyrwn at least at the Nor locus. The range of Elymus species and the ease with 
which they form intergeneric hybrids with some other Triticeae species probably points to 
Elymus as the key species involved in the spread and diversification of the tribe Triticeae. 
The possibility that a species of Australopyrum has been found in New Guinea 
& van Scheindelen 
(Veldkamp~l 989), is also of interest in terms of the origin of this genus in the Southern 
Hemisphere. 
Table 5-1. 
Survey of Triticeae species using the two Nor loci probes from A.retrofractum. The 
results indicate the species showing more homology to the probe than Chinese Spring 
after the 670C wash. 
This table also list the band sizes used in figure 5-1 and genomic designation of the 
species tested. 
# SPECIES. BAND GENOME T 5 T 2 
NUMBERS Barn Taq Barn Taa 
.&. 
55 Ag .cristatum E,D,A p 
102 Ag .cristatum E,D,B,A p X 
103 Ag .cristatum E,D,C p X 
104 Ag .cristatum E,C,A p 
105 Ag .cristatum C,D,A p X 
106 Ag .desertorum G,D,C,B,2 p 
107 Ag .desertorum E,C,B,A,2 p 
108 Ag .desertorum E,C,B,2 p 
74 A .retrofractum 3 w X X xx xx 
147 Br .fl.exum 2 -
54 Br.sylvaticum - -
166 Elym.caninus A SH 
13 Elym.ciliaris 3,5 SY X 
14 Elym.ciliaris 1,2 SY X 
101 Elym.ciliaris 3,5 SY X X 
58 Elym.longearistatus 2,8,30 SY X X 
52 Elym.me/antherus F,C,B - X 
76 Elym.scabrus C,A,2 - X X 
51 Elym.scabrus C,A,2 - X X , 
53 Elym.semicostatus A SY X X 
50 Elym.sibiricus B,A,2 SH X 
161 Elym.sibiricus 13,19,26 SH X 
15 Elym.trachycaulus 2,4 SH X 
181 Elym.trachycaulus A,4 SH X X xx 
119 E lym.trachycaulus 1,3 SH X X 
56 Elym.tsukushiensis 2 SHY X X X 
149 Elyt.pycnantha F,D ssx X 
150 Elyt.repens E,D,C,A ssx 
1 Hay.villosa 4 V 
2 Hay.villosa 4 V 
3 Hay.villosa 4 V 
4 Hay.villosa 4 V 
5 Hay.villosa 4 V 
6 Hay.villosa 4,5 V 
7 Hay.villosa 5 V 
8 Hay.villosa 4 V 
9 Hay.villosa 4 V 
10 Hay.villosa 4 V 
71 Hay.villosa 4 V 
72 Hay.villosa 4 V 
157 Hay.villosa 4 V 
77 Hor.bogdanii 9,25,27 H 
78 Hor.bogdanii 9,25,27 H 
79 Hor.bogdanii 9,25,27 H 
80 Hor.bogdanii 9,25,27 H 
154 Hor.bogdanii 22 H 
163 Hor.bogdanii - H 
178 Hor.bogdanii 27 H 
153 H or.brachyantherum 23 H 
171 H or.brachyantherum 30 H 
Table 5-1 continued T 5 2 
Barn Taq Barn Taq 
81 H or.brevisubulatwn 28,30 Hv 
82 Hor.brevisubulatwn 26,28,30 Hv 
83 H or.brevisubulatwn 26,28,30 Hv 
84 Hor.brevisubulatwn 24,28,30 Hv 
156 Hor.bulboswn 7 Hb 
67 HB2A 5,6 
134 Hor.californi.cwn. 26,28 H 
144 Hor.californi.cum A H 
170 Hor.californi.cum 30,32 H 
173 Hor.californi.cum 30.32 H 
57 Hor.chilense 29 He 
128 Hor.chilense 21,29 He 
176 Hor.comosum 28 H? 
138 Hor.depresswn 24,26 H? 
122 Hor.depresswn H? 
124 Hor.glaucwn 7 H? 
120 Hor.glaucwn 9 H? 
175 Hor.halophilwn 27,29 H? 
126 Hor.intercedens 26,29 H? 
145 H or.intercedens 25,28 H? 
159 Hor.marinum 3 H? 
160 Hor.marinum 6 H? 
121 Hor.marinum 6 H 
135 Hor.pusillwn 28 H? 
140 Hor.pusillwn 26,27 H? 
158 Hor.roshevitzii 29,27 H? 
180 Hor .ros hevitzii 25,30 H? 
162 Hor.secaliwn B H? 
123 Hor.spotanewn B,1,9,13 I 
172 Hor.stenustachys 30,32 H 
174 Hor.stenustachys 30,32 H 
68 Hor.vulgare 3,8,15 I 
69 Hor.vulgare 3,8,15 I 
70 Hor.vulgare 3,8,15 I 
155 Hor.vulgare C,2 I 
177 109993 28 
179 109998 30 
73 Ley .giganteus C,B JN xx xx 
152 Ley .karatavensis I,F,E,B JN xx X 
75 Ley .racemosus D,C JN 
151 Pasco.smithii F,D SHJN 
89 Psafragilis D N 
90 Psafragilis D,C N 
91 Psafragilis D,B,A N 
92 Psafragilis B,A N 
85 Psajuncea C,B,3,5 N 
86 Psajuncea N 
87 Psajuncea N 
88 Psajuncea C,2,4 N 
183 Psajuncea B,1,3 N 
130 Pse.aegilopodies C,B,2 s X 
132 Pse.aegilopodies F,D,B s X 
165 Pse.aegilopodies E,C s X 
182 Pse.cognata 1 s X xx xx 
97 Pse.libanotica A,1,4 s X X 
98 Pse.libanotica E,C,A s X 
99 Pse.libanotica D,C,1,3 s X X 
Table 5-1 continued 5 2 
Barn Taq Barn Taq 
100 Pse.libanotica B,2 s X X 
133 Pse.libanotica C,A s X 
136 Pse.libanotica B,A s X 
137 Pse.libanotica B,A,3 s X X 
139 Pse.libanotica 1,3 s X 
93 Pse.spicata B,A,10 s X X 
94 Pse.spicata B,A,2 s X X X 
95 Pse.spicata F,E,C,A s X X 
96 Pse.spicata C,A s X X 
127 Pse.spicata G,E,C s X X 
131 Pse.spicata C,A,7,9 s X X X 
148 Pse.spicata J,G,E,C,6, 
9, 11,22 s X xx X 
142 Pse.spicata-iner. E,C,A s X 
141 Pse.stipifolia B,1 s X X 
143 Pse.stipifolia B,1,4 s X X 
125 P se .stringosa B,3,7 s X X 
129 P se .stringosa B,A,2 s X X 
44 S.cereale (Rl.1) 2 R 
45 S.cereale (R2.2) 2 R 
46 S.cereale (R3.6) 3 R 
47 S.cereale (R4.7) 4 R 
48 S.cereale (R5.l) 2,3 R 
49 S.cereale (R6.4) 2,3,5 R 
169 S .af g hanicum 2 R 
63 S.iranicum 5 R 
59 S.montanum 4 R 
60 S.montanum 4 R 
61 S.montanum 4 R 
62 S.montanum 3,4 R 
64 S.montanum 3 R 
65 S.montanum 4 R 
164 Taeniatherum(SP.) 5 T 
167 Ta.caput-medusae 32 T 
115 Th.bessarabicum A Jb X X 
117 Th.bessarabicum A Jb X X 
12 Th.elongatum A,3,4 1e 
109 Th.elongatum 1,2,4 Je 
110 Th.elongatum 1,2,4 1e 
116 Th.junceiforme D,B,A Jb 1e X 
146 Th.pontica A,2,4,7 Jex5? 
66 T.aestivum 1,4 A,B, 
22 T.bicornis 1 Bb 
27 T.bicornis 1,3 Bb 
41 T.bicornis 1 B 
17 T.boeoticum 3 A 
18 T.boeoticum 4 A 
38 T.comosum A,1 M 
32 T.dic hasians 3,15 C 
21 T.longissima 1 Bl 
33 T.longissima B, 1,2, Bl 
11 T.monococcum 3,5 A 
16 T.monococcum 1,5 A 
35 T.monococcum B,1 A 
111 T.monococcum D,2 A 
Table 5-1 continued T 5 1 2 
Barn Taq Barn Taq 
112 T.monococcum 1,4 A 
113 T.monococcum 2,4 A 
114 T.monococcum A,3 A 
23 T.searsii 3,4 BSe 
26 T.searsii C,A Bse 
43 T.searsii F,B Bse 
28 T.sharonensis 2 BSh 
29 T.sharonensis 1 BSh 
31 T.sharonensis 1 BSh 
24 T.spe/toides 1,8 BS 
25 T.spe/toides 1,8 BS 
39 T.spe/toides 1 BS 
168 T.spe/toides 4,30,32 BS 
30 T.spe/toides(lig) 8 BS 
40 T.tauschii C D 
34 T.tripsacoides B Mt X X 
36 T.tripsacoides D,A,3 Mt X X 
37 T.umbe//u/atum 2,3 u 
42 T.uniaristatwn 20 Un 
19 T.urartu 5 A 
20 T.urartu 2,5 A 
113765 T.syriacwn ? DMS X 
113767 T.turgidwn ? AB X 
113768 T.tripsacoides ? Mt xx 
113777 T.kotschyi ? us X X 
113782 T.juvenale ? DMU X 
113784 T.uniaristatum ? Un xx 
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Chapter 6. Extraction of DNA from plant leaf material 
(This chapter has been published by Genome. Clarke, B.C., Moran, L.B., and Appels, 
R. 1989. DNA analysis in wheat breeding. Genome 32: 334-339 ). 
The figures for this chapter appear in the above paper which is presented at the end of this 
thesis 
Introduction. 
With the many DNA preparations required for the hybridization assay described in 
chapter 5, it became apparent that the current method used for the extraction of DNA from 
large numbers of plants was too laborious (Appels and Moran,1984). A literature search 
revealed that other procedures were similarly inefficient. They all involve quite large 
amounts of tissue (several grams) and grinding with a mortar and pestle or blender. 
(Murray and Thompson 1980; Kislev and Rubenstein,1980). These procedures yield 
adequate amounts of DNA but have the-disadvantage of requiring large plants for the 
extraction. Another technique involved squashing root tips onto filter paper (Hutchinson, 
Abbott, O'Dell and Flavell 1985) which was adequate for dot blots but unsuitable for 
restriction digests. 
The procedure described below requires 0.1-0.3g tissue and yields 100-200ug of 
DNA & RNA (mainly DNA). This means that with the grasses, young seedlings can be 
used at the two leaf stage and enough of the plant still remains so that it can be grown on 
to maturity if required. The DNA is of suitable quality for restriction enzyme digest and 
the yield is adequate for several analyses. The traci!}g of DNA markers linked to an 
agronomic trait often does not require large amounts of DNA. and thus a procedure which 
provides 100-200ug of DNA is adequate for most purposes. Using this procedure, 500 
samples can be processed in a week and hence it is now feasible to interact with a plant 
breeding programme when a particularly valuable marker is available. The problem of 
sample preparation has been previously addressed in other areas of plant analysis such as 
assaying the levels of virus in the leaves of plants. In this case a sap extractor was used to 
handle the large numbers of samples (Waterhouse et al., unpublished data). In this 
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chapter the suitability of this apparatus for the isolation of DNA from wheat leaves and 
related grasses is demonstrated. Three examples of analysing large populations are 
presented to demonstrate the application of the procedure. 
Materials and Methods 
The sap extractor (Fig. 1) was fitted with a reservoir and an automatic delivery 
system for the buffer. A manually operated syringe will suffice if there are two operators. 
Plant material: 
Young seedlings at approximately the two-leaf stage (10 cm long, weighing 
approximately 0.3g). are cut above the crown so that the remaining plant will recover and 
grow to maturity. Single leaf samples of similar length from older plants were also found 
to be quite satisfactory for the extraction of DNA. 
The leaf material was fed into the rollers of the sap extractor with 0.7ml of 
extraction buffer. Sap was collected in a 1.5ml micro-centrifuge tube, and incubated at 
370c for 1-2hr, after which phenol and chloroform (0.25ml of each) were added. The 
rollers were rinsed clean with the flushing system between each sample. 
About 40 samples can be extracted in 30 minutes. In experiments where 200 or 
more samples need to be extracted it was generally convenient to allow the samples to 
shake overnight with the phenol-chloroform, after a vigorous vortex treatment for 30-40 
seconds. The organic and aqueous phases were separated by a 3 minute centrifugation 
and 0.5 ml of the aqueous phase was removed into another 1.5 ml tube. The DNA was 
precipitated with 1 ml of ethanol/acetate mixture at room temperature and recovered by 
centrifugation for 30 seconds following several inversions of the tube to mix the contents. 
If the samples are left for too long in the ethanol, a floccular material co-precipitates with 
the DNA which is difficult to remove. It is therefore best to process 12 samples at a time 
(the capacity of the centrifuge). The nucleic acid pellets were then rinsed with 70% 
ethanol, recentrifuged and air dried before being resuspend in 0.25ml water or TE. 100-
200ug of DNA was usually recovered from each sample. 
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Occasionally 1 or 2 samples did not digest with restriction enzymes and a further 
phenol:chloroform extraction was required. 
If a floccular material does co-precipitate with the DNA, the pellet is resuspended 
in 0.5ml of water and then ethanol precipitated. 
If more than the specified amount of leaf material is taken, the amount of buff er 
used should be increased accordingly otherwise reduced yields of DNA will result. 
Results. 
Example 1 
Segregation of NOR RFLPs in F2 populations of crosses between Chinese 
and Australian wheats. 
The ribosomal RNA genes in wheat are located on chromosomes 1B,6B and 5D. 
Each of these loci have characteristic rDNA spacer-length variants. (May and Appels 
1987). These polymorphisms are caused by changes in the number of spacer subrepeat 
units and/or the loss or gain of T aq I sites. They can be visualised by digestion of 
genomic DNA with the enzyme Taq I and hybridization of the DNA with a Nor locus 
probe. 
During the course of analysing Chinese wheat cultivars ( Xin and Clarke; unpublished 
observations) new RFLPs in the spacer region of the Nor loci were found and it was 
necessary to assign these to the respective loci characterised by May and Appels (1987). 
The assignment was carried out by analysing F2 segregating populations from crosses 
between the Chinese wheats and selected Australian cultivars (Fig. 2). A total of 10-15 F2 
individuals from each of 20 crosses, involving the 10 Chinese cultivars of interest, were 
analysed. Approximately 280 samples were involved and the DNA was isolated using the 
sap extractor procedure. lOug aliquots of the DNA were digested with the restriction 
enzyme Taq I followed by electrophoresis on a 1 % agarose gel. The DNA was 
transferred to nitrocellulose filters and hybridized with a 32p labelled sequence probe 
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from the rDNA spacer region (pTa250.4 Appels and Dvorak 1982a). The experiment 
was completed in two weeks and new alleles were identified at both the lB and 6B loci of 
wheat. 
The total number of alleles identified at the Nor loci, in wheat genotypes 
throughout the world, is currently being compiled by Dr. C.E. May. His help in 
assigning the new varients to their correct loci is gratefully acknowledged. 
Example 2 
Identification of an unidentified rye chromatin segment present in 
advanced wheat backcross lines. 
The 350-family of sequences forms the major constituent of terminal 
heterochromatin in rye chromosomes (Appels et al 1981; Appels and Moran, 1984). The 
350-family also hybridizes to the terminal heterochromatic regions in the chromosomes of 
Agropyron intermediwn (Lapitan et al. 1987; Xin et al. 1988). Wheat does not appear to 
carry any sequence homology to this family of sequences. A probe, pSchetl (Appels et al 
1986a), was used to assay the DNA from backcross material derived from crosses 
between A.intermedium addition lines in wheat (Cauderon, quoted in Ortiz et al 1986) 
and wheat cultivars (McIntosh, Bankes and Larkin, pers. comm.) to detennine whether 
the alien chromosome segment could be fallowed. A total of 200-250 individuals \Vere 
analysed using this probe (Fig. 3). From the study it became evident, from a lack of 
linkage between the pSchetl probe and other A.intermedium markers (P. Banks pers. 
comm.), that the probe was not assaying an A.intermedium chromosome segment. To 
establish the origin of the chromosome segment being assayed the DNA sample was cut 
with the restriction endonuclease Taq I so that the distribution of the 350-family of 
sequences could be determined (Fig. 4). The RFLPs for the 350-family of DNA known 
to exist between Secale and Agropyron species (Xin and Appels 1988) enabled the alien 
chromosome segment to be identified as that derived from the Secale genome. Additional 
assays using a Secale-specific rDNA spacer probe (Appels et al 1986b) showed that the 
alien chromatin actually originated from chromosome lR (data not shown) and was 
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probably derived from the lRS-lBL chromosome now widely spread in wheat cultivars 
throughout the world (CIMMYT 1984). 
The work establishing the origin of the alien chromosome segment was carried out by 
R.Appels. 
Example 3. 
Segregation of chromosomes carrying 2RS and 2RL chromosome 
segments. 
A crossing programme designed to confirm the location of a cereal cyst nematode 
resistance (CCNT) gene on chromosome 2B in Australian wheats (O'Brien, Appels and 
Martin, unpublished) was analysed at the DNA level. The single adult leaves used for 
DNA isolation were collected some distance from our laboratory and hence had to be 
dispatched to us. The leaf material was placed in sealed micro-centrifuge tubes and sent in 
ice. The time between harvest and analysis varied from 1-3 days. The isolated DNA was 
screened for the terminal heterochromatic sequence located on both the 2RS-2BL and 
2BS-2RL chromosomes present in the crossing programme. The screening procedure 
was similar to that used in example 2 and involved 550 F2 progeny. Within 3 weeks of 
receiving the leaf samples they had been scored for the presence or absence of the 
respective chromosome segment using the dot-blot procedure (Fig. 5, top panel). 
Because of the large number of samples involved it was not practical to measure the 
O.D.260 of each of the samples. Consequently to determine the amount of DNA in each 
"dot" the first probe was stripped off the nitrocellulose filter and the latter was 
rehybridized with an rDNA sequence (pTa250.3, Appels and Dvorak 1982a). An equal 
number of ribosomal RNA genes were expected to be present in all DNA samples and 
hence the intensity of hybridization to the probe should allow a relative assessment of the 
DNA in each sample (Fig. 5, bottom panel). The detailed study of the F2 populations is 
still in progress, but it is clear from the data presented that the DNA analysis of hundreds 
of individuals in a reasonable period of time is feasible. This work was carried out by 
R.Appels and L.Moran. 
i 
I i 
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Conclusion. 
During the course of these studies the procedure proved to be a reliable method 
for recovering DNA rapidly for subsequent analysis by hybridization with nucleic acid 
probes. Over a thousand individual plants were processed within a period of several 
months. The improved speed of analysis should lead to a closer interaction between some 
components of molecular biology research and wheat breeding. 
Table 6-1. Plants used for genetic studies 
Example Name Accession No. Origin 
1 Beijing 10 CPI 110521 Z.-Y. Xin 
Quarrion Dr. C.E. May 
2 Sears PH2/f af2/nulli tetra 5393 Dr. R.A.Mclntosh 
Sears PH/faf2/N5B T5D/C.S 7858 Dr. R.A.Mclntosh 
3 Random samples from crosses between a 
2RS-2BLtranslocation line 
(May and Appels 1982) and wheat 
cultivar AUS10894 Dr. L. O'Brien 
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Chapter 7. Final discussion. 
The work presented in this thesis has determined the complete sequence of the 
large intergenic spacer between the 18S and 26S rRN A genes of an Australian endemic 
grass Austra/opyrum retrofractum. The studies have stin1ulated further work on the 
Austra/opyrwn genus particularly to try and identify those polyploids that may carry the 
Austra/opyrum Nor locus. Little is known about the mechanisms which control the 
expression of rRNA genes and the analysis of the competition between Nor loci in 
polyploids, carrying a well studied Nor locus from Australopyrum, offers one approach 
for future studies on the expression of rRNA genes. 
The intergenic spacer ( IGS ) of ribosomal genes is believed to be the template for 
controlling all the functions involved in the initiation and termination of transcription. The 
compact nature of this control region derives from the fact that the ribosomal genes are 
clustered in tandem arrays. One of the most extensively studied systems is the IGS of 
Xenopus which is composed of short subrepeat arrays. Within each subrepeat there exists 
a 60/81 bp element which has 42bp of homology with a region -72bp to -114bp before 
the start of transcription. " Barn islands " or spacer promoters exist in the subrepeat arrays 
and these regions have 90% homology to the gene promoter (Reeder, 1984 ). The last of 
the repeat arrays ends with the actual gene promoter and this is situated -145bp to +4bp in 
the IGS; see figure 3-1 (Reeder, R.H. 1984). Windle and Sellner-Webb (1986a,b) have 
identified two essential promoter domains in Xenopus , by using linker-scanning 
mutants. These consist of an upstream promoter domain from residues -140bp to -128bp 
and the core promoter from residues -36bp to + lObp, relative to the start of transcription. 
These two domains are separated by the 42 bp sequence found in the subrepeats of the 
IGS. In their experiments, they were able to substitute this 42 bp for a polylinker 
sequence and found that the promoter retained full activity when injected into Xenopus 
borealis oocytes, even though Reeder et al (1987) found that the removal of the 42bp 
sequence rendered the promoter completely inactive. In Drosophila there is also a 240 bp 
repeat which contains a 42bp element with homology to the start of transcription 
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(Simeone, A. et al 1985). A single spacer promoter has also been found in the Mus 
musculus with 11 out of 16 bases homologous to the core element of the gene promoter 
(Kuhn & Grummt 1987). 
The transcription of rRNA genes by RNA polymerase I is species-specific 
(Grummt, Roth and Paule 1982; Kohom and Rae 1982), with only some closely related 
species being able to transcribe rRNA genes in heterologous combinations of cell-free 
components (Learned and Tjian 1982, Sollner-Webb and McKnight 1982). This is in 
contrast to the transcription of rnRNA-encoding genes by RNA polymerase II which 
shows no species specificity. 
Transcriptional control by Polymerase I, II and III 
The control of transcription for the three RNA polymerases I, II and III, is 
compared below to see if they share similarities with each other. It is possible that these 
control regions share some similarities as Woychik et al (1990) discuss similar features 
shared by the three RNA polymerases. It appears that two large subunits and three 
smaller subunits are shared by the three polymerases and they show that the smaller 
subunits are transcribed from single copy genes which indicates they must be shared by 
all three nuclear RNA polymerases. 
Polymerase I 
Compared to the control mechanisms of the genes transcribed by RN A 
polymerase II and ill, relatively little is known about the control of the ribosomal genes 
transcribed by RNA polymerase I. From studies in Xenopus (Windle and Sollner-Webb 
1986a,b; Reeder et al 1987) and Mus musculus (Clos et al. 1986), it has been shown that 
transcription is controlled by at least two promoter regions. These are the upstream 
control element (UCE) and the start site core promoter. The studies indicate that the 
promoter spans approximately 170bp and that the essential core regions for the UCE are 
from -140bp to -128bp and the downstream core promoter from -36bp to +lObp. Clos et 
al (1986) found that the core sequence was sufficient to initiate low levels of transcription 
but the efficiency was greatly enhanced by the UCE. Studies by Reeder et al (1 987) 
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however would suggest that the whole promoter was functionally active and it is difficult 
to identify strict boundaries. These promoter sequences bind specific proteins and other 
accessory factors to form transcription complexes. One of these factors, (D) has been 
shown to be species-selective in the mouse transcription system (Tower et. al., 1986). 
RN A polymerase I, a protein consisting of about 5 major subunits approximately 190, 
120, 65, 42, and 25 K daltons (Sommerville, 1986), interacts with this complex to 
initiate transcription of the ribosomal gene. As discussed earlier in this thesis a unique 
feature of the ribosomal genes is that they are in tandem arrays separated by a large 
intergenic spacer. The IGS's of the Xenopus and Drosophila genomes have several repeat 
units that share homology with the promoter region. The fact that Windle and Sollner-
Webb (1986b) found that promoters, with the sequences analogous to those in the spacer 
region replaced by an arbitrary sequence, were still functionally active in Xenopus 
oocytes, suggests the distance between key sequences are important. In addition the 
promoter regions discussed above do not show distinct conserved sequence elements that 
are shared between various species, although specific bases within these promoters 
appear to be conserved. This has lead to the "dogma" that rRNA gene promoters are 
species-specific (see refs. chapter 3 page 1) 
Polymerase II 
RNA polymerase II is responsible for transcription of mRNAs and most small 
nuclear RNAs. Rl~A polymerase II is a large protein of over 500,000 daltons, consisting 
of 2 large subunits 200,000 and 14,000 daltons and 10 smaller subunits from 9,000-
10,000 daltons. Purified eucaryotic Ri~A polymerase II does not recognise promoters in 
an in vitro reaction, but requires cofactors which bind to the DNA at specific sites. These 
co-factors include site-specific DNA-binding proteins and other enzymatic factors which 
form a complex at the promoter before initiation of transcription by RNA polymerase II 
(reviewed in Dynan and Tjian 1985). In the eucaryotic cell there are three regions of 
potential significance in terms of the transcription of genes by RNA polymerase II. See 
fig 7-1. 
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Fig. 7-1. 
Diagram of the location of sequence elements involved in the initiation of transcription of 
polymerase II genes (modified from Genes Ill, Lewins and Maniatis,T. et al 1987). 
-110 -80 -70 -50 -27 -19 
Enhancer promoter 
# # # # #---/////-----------------------------------------==: 
distal middle hogness box 
Upstream promoter elements 
+lbp 
transcription 
start 
-------T~ 
Some upstream promoter elements are: GGGCGG; CCAA T; GCCACACCC; 
ATGCAAAT 
None of the above elements are found in every promoter. 
1) The start of transcription. There is no extensive homology between the start points of 
different mRNA genes but the first transcribed base is always an A flanked on either side 
by pyrimidines (C or T) . 
• 
2) The Rogness Box. This is situated between -19 and -27bp upstream of the 
transcription start the consensus sequence is 
T A T A A-or-T A A-or-T 
% 82 .97 93 85 63 37 83 50 33 
The numbers indicate the frequency, in percentages, that each base occurs at the 
respective position in the Rogness Box. 
This box tends to be surrounded by G-C rich sequences. Its function is the accurate 
initiation of transcription and without this box transcription becomes erratic although there 
is little reduction in the rate. 
3) The third region is split into 2 sites one termed a middle region located -50 to -70bp 
and a distal region -80 to -1 lObp. Both these regions have the same function of ensuring 
efficient initiation of transcription. The frequency of initiation is strongly influenced by 
these two regions even though, in their absence, initiation occurs at the correct start point 
The conserved sequences found in these two regions are the CAA T box with a consensus 
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sequence of TCAA TCT and the GC box consensus sequence (GGGCGG). There are 
often multiple copies of the GC box and these can function in either orientation. These 
sequences, as well as enhancing transcription, have also been shown to convey 
directional information. 
The function of each of these 3 regions, (transcription start, Rogness Box, and 
enhancers) is determined by short core consensus sequences but it is quite probable that 
the sequence surrounding the core will influence the overall effectiveness. The distance 
between the 3 regions are moderately flexible. For example the distance between the distal 
and middle elements can be increased more than 15bp before their function is disrupted 
and the distance between the enhancers and the promoter can be increased by more than 
30bp and upto a kilo base or more before the promoter is affected ( reviewed in Genes ill 
1987). 
Polymerase III 
The transcription by RNA polymerase III has been reviewed by Ciliberto et al., 
(1983b). The main transcriptional products of RNA polymerase III are tRNA and 5S 
RNA (which is associated with the large subunit of rRNA ) plus other small nuclear and 
cytoplasmic RNAs. The enzyme is composed of 10-11 subunits with a total molecular 
weight of 650,000. However, the purified enzyme is incapable of accurate initiation and 
termination of transcription. In the case of 5S RNA, at least 3 other protein factors are 
required. The RNA polymerase III enzyme shows some structural differences between 
species but is not species-specific in its transcription. 
The 5S RNA genes are arranged in clusters of 120±4 nucleotides separated from 
each other by a spacer. Unlike the genes transcribed by polymerase I and II most of the 
information for transcription of the gene is contained within the 5S RNA coding region 
itself. This is also the case for the other genes transcribed by RN A polymerase ill. The 
internal control region (ICR) has been shown to lie between nucleotides +50 and +83, 
and at least one protein cofactor is known to bind to the 3' half of this 34bp region. The 
• 
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start of the gene occurs 50bp upstream from the 5' end of this control region which has a 
sequence structure of 
+50 AGCCAAGCAGGGTCGGGCCTGGTTAGTACTIGGA +83 ( Ciliberto, et al., 
1983b ). The control sequence for the tRNA genes has been shown to be divided into two 
components designated box A and B and separated by 33 to 43 nucleotides with the start 
of transcription occurring 10-20 nucleotides upstream of box A. Gauss and Sprinzl 
(1982) compared the homologous regions of all eucaryotic tRNAs and from this Traboni 
et al (1982) constructed a consensus sequence for the A box -RRYNNARY-GG and for 
the B box GTorATCRANNC in which R represents a G or A (purine), Y a Tor C 
(pyrimidine ) and N any nucleotide. In box A the dash indicates 1,2 or O unspecified 
nucleotides. The tRNA A box and the first 20 bases of the 5S ICR have been shown to be 
interchangeable in experiments carried out on the somatic 5S RNA of X.borealis 
(Ciliberto, et al., 1983a). The sequence homology between these two regions is very 
slight (see Fig. 7-2) 
Fig 7-2. 
Comparison of tRNA A box and first 20bp of the 5S internal control 
region 
RRYNNARY-GG tRNA A box 
AGCCAAGCAGG 5S ICR. 
R=GorA 
Y=TorC 
N = any nucleotide 
and dash indicates 1,2 or O unspecified nucleotides. 
In addition to the ICR of the 5S DNA, Scoles et al., (1987) noted that within the 
spacer region, that separates the 5S genes, there was a comparatively well conserved 
region starting -75 bp upstream from the gene. These authors suggested that these 
sequences may form protein recognition sites for transcription initiation complexes. This 
idea of a control region outside that of the 5S gene has been investigated for the 5S genes 
in Xenopus somatic cells and it has been shown that a region from -32bp to +37bp 
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increases transcriptional activity in microinjected embryos but not in microinjected oocyte 
nuclei. The sequence is believed to increase the ability of the gene to bind a commonly 
required factor(s) especially when the factor(s) are in suboptimal concentrations 
(Reynolds, 1989). 
Genes transcribed by polymerase III have a common termination signal, 
consisting of a run of 4 or more Ts immediately downstream from the 3'-end of the gene. 
The A box sequences are concerned with the initiation of transcription. The B box of 
tRNA and the analogous region of the 5S gene, the last 13 bases of the ICR, share no 
sequence homology but bind specific transcriptional cofactors which are thought to 
determine the initiation point of transcription. The control of transcription by internal 
promoters has only been demonstrated for X.Iaevis and human cell extracts (Ciliberto, 
Raugei et al 1983a; Ciliberto et al 1983b). 
It seems that the main differences between polymerase I and II transcription 
regulation is that initiation of transcription starts close to the TATA box in polymerase I 
but about 30bp from this box in polymerase II. Both the TA TA boxes are surrounded by 
G/C rich sequences. In addition, polymerase I enhancers in Drosophila and Xenopus 
share extensive homology with the area surrounding the start of transcription, and 
consequently probably compete for the same binding factors. This again is unlike 
polymerase II enhancers. A common feature is that neither have enhancer sequences that 
are consetved in front of particular genes between species. 
A feature of the three RNA polymerases is_ that they are all controlled by 
promoters which bind sequence-specific DNA-binding proteins and other co-factors 
which regulate the transcription of the gene. 
DNA binding proteins and their role in regulation of transcription. 
It has been suggested by Travers ( 1989) that short runs of three or more A or T 
bases, if they occur in approximate phase with the DNA helix ie. always on the same 
side, can give an intrinsic bend to the helix structure. This suggests that the appropriate 
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placing of these runs could allow DNA to adopt configurations that would facilitate 
wrapping of DNA around protein. For enhancers and promoters to act as binding sites for 
transcriptional regulatory factors either the sequence or the DNA conformation must act as 
recognition sites for these regulatory factors. The present idea is that this recognition is 
performed by proteins. It has been shown that sequence-specific DNA binding proteins 
attach to closed duplex DNA. This means that a protein must identify the correct sequence 
via the formation of hydrogen bonds and van der Waal's contacts with the edges of the 
base pairs in the groove of the DNA helix (Glover,1989). Each base pair of DNA can be 
unambiguously recognised by the f onnation of a minimum of two hydrogen bonds in the 
major groove. In contrast, it is not possible to distinguish all four base pairs from the 
minor groove (Seeman et al 1976). In addition, the alpha helix of a protein fits the major 
groove of "B form" DNA and thus facilitates the formation of suitable hydrogen bonds to 
"read" the DNA sequence. As a consequence of these topological features, most DNA 
binding proteins interact with the major groove (Schleif, 1988). The arrangement of 
different sequence motifs and the interplay of bonds between the bases ensures that the 
helix is not uniform. It is likely that the conformation of the DNA helix, formed by the 
above forces, also plays a major role as a recognition signal for the DNA-binding 
proteins. 
For regulatory proteins to act effectively they must have a high affinity for the 
correct site and a low affinity for other sites. Most of these proteins are active as dimers 
or tetramers and the DNA sequences recognised by proteins are often palindromic. The 
mechanism of a dimeric protein contacting a repeat sequence, at a binding site, has been 
suggested as one way of avoiding long sequences and consequently long proteins that 
could selectively differentiate specific binding sites (Schleif, 1988). The structural motifs 
for the known eucaryotic DNA-binding proteins are homeodomain; zinc finger and 
leucine zipper. Homeodomain proteins are classed as a subset of the procaryotic helix-
turn-helix proteins but little is known about the homeodomain/DNA interaction (Glover 
1989). All these motifs have been found in one or more transcription regulatory proteins. 
The DNA binding sites which they recognise are usually less than 25 base pairs. 
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The regulatory properties of a region depend not only on DNA-protein binding 
but also long and short range protein-protein interaction. Therefore every cis-acting 
regulatory region is a composite of many individual binding sites in which the distance 
from each other ranges from far apart to overlapping. Homeodomain motif proteins have 
been found at sites where the binding sites for specific transcription factors are tandently 
reiterated. Also many homeodomain proteins function as transcription regulators (Levine 
and Hoey, 1988). These two properties of the homeodomain proteins suggest they could 
be useful models for the properties of proteins involved in the regulation of rRNA genes. 
The structure and conservation of the IGS. 
In this section the various aspects of the IGS structure and function are discussed 
emphasising how they may relate to the expression of rRNA genes in grasses such as 
Australopyrum. 
With regard to its role in gene regulation, a study of the IGS of Xenopus, 
Drosophila and the rodent show that there is very limited sequence homology in these 
control regions between the species. In the present study these IGS's have been examined 
to identify particular sequence motifs that are conserved between other species and the 
Triticeae. 
Homology between the conserved element in the Triticeae spacer subrepeat and 
part of the 42 bp repeat in Drosophila (Simeone et al 1985) has been identified in this 
thesis. The consensus sequence for the region in the spacer subrepeat which is conserved 
between members of the Triticeae is compared to part of the 42bp repeat in the Drosophila 
IGS these sequences are: 
CATGGAAAACAGGG--CAAAA Triticeae 
TAC-GACAG-AGGGTTCAAAA Drosophila 
The dashes are gaps which were introduced to improve alignment. 
In Drosophila part of this spacer repeat occurs close to the transcription start at 
position at -22bp to -9bp and is CAGCGGGTICAAAA. In the Triticeae this conserved 
spacer motif occurs from -125bp to -113bpsAt this position the intervening 4 A's in the 
spacer motif of the Triticeae species have been removed and the sequence becomes 
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CA TGGCAGCGAAAA.In both Drosophila and the Triticeae there are 8 bases between 
the CA and the first A. 
Within the Xenopus promoter there is a palindromic sequence separated by a run 
of T residues (CATGCtacgcttttttgGCATG), between residues -37 to -16 , (Firek et al 
1989). These authors found that each of the point mutations they made within this region 
had a negative effect on transcription when these promoters were assayed by oocyte 
microinjection. The conserved motif within the Triticeae spacer subrepeats which is 
repeated before the start of transcription beginning at base pair -127, also forms a 
palindrome and is separated by a stretch of A residues 
CCA TGgcagcgaaaacgtgtctCA TGG. 
The palindromic sequence from both these organisms (bases in capital letters) share 
homology. Also the 14 bp of the Xe nop us promoter region from -37 
CATGCT ACGCrrrr -24 starts with the nucleotides CA which are separated by 8 bases 
and then a run of 4 Ts. This arrangement is similar to that in Drosophila and the Triticeae 
except in this case there is a run of A instead of T residues. The polymerase I enhancers 
share extensive homology with their respective promoters in Drosophila and Xenopus. 
This does not seem to be the case for the plant species studied here, unless the pron1oters 
in plants are situated further away from the transcription start. RNA polymerase II 
enhancers also do not share homology with their promoters. 
The hamster rRNA promoter (Tower et al 1989) starting at base pair -46 to -33 
has a similar 14 bp sequence CATATTCCAG'rrrr with the CA and the 4 T's separated 
by 8 bp. In rat and mouse this sequence occurs at -163 CAGTTGTTCCTTT and then 
again at +6 CACGCTGTCC'l*l*l*I' (Harrington and Chikaraishi 1983). Considering the 
extensive variation found in this region among the species studied, the conservation of 
these two motifs separated by 8bp may indicate that they piay a significant role in the 
transcription of all rRNA promoters. Given that DNA-binding proteins don't appear to 
have a strict sequence recognition code requirement but that the binding geometry of the 
recognition helix is more important (see Matthews 1988 and earlier refs in DNA binding 
protein section) this sequence motif could fit the requirements of a regulatory protein. 
4. Gene conversion. With this mechanism single strands of DNA from two different gene units 
are exchanged and subsequently compared to one another, then corrected so that only A-T and 
G-C base pairs remain. 
As this mechanism is only known to act over relatively short sections of DNA it may not 
be significant in the homogenisation of rDNA repeat units at a locus or as a cause of variation in 
the number of units between different loci. Also if it were involved in the homogenisation of 
subrepeats within the IGS of a given spacer region, which involves much shorter distances, it 
would be hard to account for the regions of sequence divergence and conservation that we see 
between these repeats. 
l 
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The 8bp of intervening sequence between the CA and ·rrrr (or AAAA) motifs would 
allow the protein to interact with both these sequences on the same side of the DNA helix. 
A number of different observations imply that there exists a similarity of 
transcription by RNA polymerase I in all the species. These include: 
1. The conserved motif outlined in this study, that is present near the start of transcription 
of the various species listed above. 
2. The work by Culotta et al.(1987) which show that frog and mouse transcription factors 
and promoters are interchangeable. Interestingly they both have a run of T's in the 
conserved motif discussed above as opposed to A's in the Triticeae and Drosphila. 
3. The work by Pape et al. (1989) that suggests that the precise spacing of the promoters 
is not critical providing the relative helical orientation is not changed. These observations 
and the conserved arrangement of the IGS structure i.e. termination of transcription, 
spacer enhancers, transcription start and external transcribed spacer (ETS) regions, 
indicate that the IGS is under considerable selection pressure to maintain its structure. 
Homogenisation of the repeat arrays in the IGS. 
Four. mechanisms have been hypothesized to explain the homogeneous nature of 
the repeated arrays of the ribosomal gene units. 
1. Unequal crossing-over between sister chromatids or homologous chromosomes 
(Smith, G.P. 1976) 
2. Slipped-strand mispairing events between both strands of a helix (Levinson, and 
Gutman 1987). 
3. The deletion of large sections of the rDNA repeat array and then subsequent 
amplification of the remaining repeats at the ribosomal locus (Federoff, 1979). J 
The first two of these events assumes that the repeated sequences within the IGS 
are of little or no value to the organism and can thus tolerate considerable sequence 
change. But when we look at the subrepeat region of the IGS of the ribosomal genes by 
the use of Taq l digests of genomic DNA we see very little sizes variation within a 
species. (See Chapter 4 and 5). Also between species within the same family, the IGS 
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contains many conserved structures with considerable sequence homology. The order in 
which many of these conserved structures appear within the IGS is also conserved 
(McIntyre et al. 1988, and chapter 3). Even between different families and kingdoms 
there are still considerable similarities in the structure of the ribosomal spacer. As the 
Intergenic spacer has retained a similar structure over such a Jong period of evolutionary 
time, it would suggest that this region is not free to change but is under considerable 
selection pressure to maintain its structure. Since the ribosomal genes and spacer units 
form a structure within the nucleus, the nucleolus, the intergenic spacer is very likely to 
be the main DNA component which binds to the proteins and other factors that form this 
structure (reviewed by Sommerville 1986). 
Appels and Dvorak, ( 1982b) discussed the mechanisms of unequal crossing over 
and slipped-strand mispairing in relation to the homogeneity of the ribosomal DNA 
region. They concluded that these mechanisms were unlikely to produce the type of 
sequence arrangement we see in this region. A more likely mechanism capable of 
retaining the rDNA gene unit structure and uniformity and at the same time increasing or 
reducing the number of units at a particular loci would be first deletion followed by DNA 
amplification of the remaining sequences. Topoisomerase 1 has been shown to be 
necessary for the synthesis of the 40S rRNA precursor in HeLa cells (Zhang et al 1988). 
e 
It has been shown that topoisomerase I acts by relaxing supercoi~ rDNA so that 
transcription can proceed (Garg, et al 1987). Other studies have shown that when the 
levels of DNA topoisomerase I and II are lowered, regions containing several units of 
rDNA are excised. A subsequent increase of topoisomerase levels leads to the 
reintegration of these excised rDNA units within the array (Kim and Wang 1989). In 
amphibians the amplification of extrachromosomal rDNA gene units has been shown to 
occur in early oocyte development (Buongiomo-Nardelli et al 1972). It seems probable 
that these two mechanisms could be involved in the amplification and deletion of rDNA 
gene units, and hence homogenisation, at a particular Nor locus. 
Using sequence data from the IGS, (McIntyre et al 1988) and DNA probes (Gill 
and Appels 1988) and the work in this thesis, details of variation within the intergenic 
I 
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spacer have now been established for this tribe. One of the main variable regions of the 
spacer of the Triticeae is flanked by Taq I sites. When genomic DNA is digested with this 
enzyme and run on an agarose gel, transferred to nitrocellulose and probed with rDNA, 
we can visualize this variation as different size fragments. Wheat has three main loci for 
the ribosomal genes, on chromosomes 6B; 1B and 5D. The Nor locus on 5D shows very 
little spacer length variation between the species. In fact the sequence of the IGS of 
Triticum tauschii and the 5D locus in bread wheat shows remarkably little variation 
(Vinszky, Dvorak and Appels, pers. comm.). This is probably because the formation of 
the ABD genome from the D genome of T. tauschii and the AB genome of T. turgidum 
some 8,000 or more years ago, was a relatively recent event on an evolutionary time scale 
(Lassner et al. 1987). 
Most spacer length variation occurs at the B genome Nor locus. 15 spacer length 
variants have been recorded in one wheat variety, at this locus, but two or three is more 
usual. The different spacer lengths are being used by C. May to identify the putative 
parents of the different accession lines of wheat from around the world. Hence it appears 
that the intergenic spacer is much more stable over evolutionary time than has hitherto 
been acknowledged. Also it would seem that rounds of unequal crossing over would 
create more variation rather than homogenising a particular locus. I propose that the 
reason for this is that the ribosomal genes are transcribed in there own structure within the 
cell, the nucleolus, and the intergenic spacer plays a central role in its formation and hence 
the basic conservation of the IGS structure. 
Future directions. 
Future work in this area could use the intergenic spacer from plants for in vitro 
and in vivo transcription of RNA polymerase I. The sequence from -130bp to +20bp 
relative to the start of transcription - identified in this thesis as conserved between the 
Triticeae - could be used to see if it was sufficient to initiate transcription in plants. 
Subsequently, various numbers of the spacer repeat units could then be added to the 
construct to see if they enhanced transcription. It may be possible to splice these sequence 
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motifs from plants into a Xenopus RNA gene and then use these in a Xenopus oocyte 
microinjection assay which would give some insight into how conseIVed these enhancers 
are. In addition such studies may reveal how conserved the enhancer sequences have to 
be for the transcriptional DNA binding proteins to recognise them. It would also be of 
interest to see whether the IGS of rDNA could be used in front of a polymerase II gene to 
see if it would then act as a promoter. Recent work by Schreck et al ( 1989) has shown 
that the genes are inactive if the upstream control elements (UCE) of polymerase I 
promoters are replaced by polymerase II enhancers. But if the UCE and the core promoter 
were replaced the genes may be transcribed. If polymerase II genes could be transcribed 
by polymerase I this may be the way to get abundant expression of a particular gene 
transformed into a host cell. In a review article Ptashne ( 1988) outlines that transcriptional 
activators have two sites: 1. The DNA binding region which positions the protein on the 
DNA, and 2. the activating region which interacts with the proteins which initiate 
transcription. The DNA protein-binding region is very specific whereas the activator 
regions are less precisely defined. For these reasons it may be that the promoter and 
enhancer sequences of a polymerase I gene, plus the DNA-binding proteins and other 
cofactors, may be able to initiate transcription by polymerase II at a greater rate. 
Another interesting experiment would be the use of a large section of the Nor 
locus ligated into yeast artificial chromosomes to see if you could form a nucleolus. 
Also by creating two artificial chromosomes in the same cell using rDNA from the 
Nor locus of different plants or from different loci within the same plant, nucleolar 
dominance experiments could then be carried out. These experiments may help us to 
define more precisely which structures in the IGS infer dominance to a particular Nor 
locus or if in fact this region plays no part in inferring dominance. 
Future studies on the Australopyrum species. 
The probes from A. retrofract'dm characterised in this thesis, are being used in 
a general study of the Australopyrum genus. Collections of Australopyrum are taking 
place in Australian and New Guinea from sites where species are known to occur. 
These plants will be analysed to determine the degree of polymorphism within the 
genus at the Nor locus. 
& van Scheindelen 
The species of Brachypodium reclassified by Veldkampk(1989) into Elymus 
and Australopyrum will also be included in this survey. It is the identification of 
Australopyrum in New Guinea that is of particular interest since it suggests the 
possibility of an Asian land route into Australia for the species. The present 
collections of Australopyrum, from New Guinea, will probably reveal more species 
and it may be possible to build up a better understanding of the evolution of the 
genus. If Australopyrwn did arrive in Australia from Asia it would be interesting to 
see to which genus it is most closely related. The work in this study suggests a close 
link between Australopyrum and Elymus. Studies by B Baum, place the 
Australopyrum close to the Roegeneria which, under his definition of the genus, 
contains several of Dewey's Elymus species. Because of the close link with Elymus, 
a sequence analysis of the spacer region of some Elymus species closest to 
Australopyrum would be very informative. By using the automated DNA sequencer 
now available and the subcloning strategy developed in this thesis for sequencing 
repetitive DNA regions, it should be possible to sequence several spacer regions in a 
reasonable time. If Australopyrum did originate in Asia it is most likely to have come 
down from China which is the centre of diversity for the Roegeneria (Baum, pers. 
comm.). By using the Nor locus probes and other probes which could be isolated 
from the genome, it may be possible to gain a better understanding of the 
interrelationships between Australopyrum and the species of the Triticeae. 
75 
/ 
Appendix 1 
Triticeae Species used in Chapter 5. 
NO ORIGINAL SPECIES. ACCESSION CNTRY 
NillvffiER' 
1 . 65 Haynaldia villosa TA2138 Italy 
2. 95 Haynaldia villosa Y-7-1 
3. 97 H aynaldia villosa Y-6-1 
4. 98 Haynaldia villosa I-56-Ia 
5. 101 Haynaldia villosa I-46-8 
6. 102. Haynaldia villosa I-38-1. 
7. 105. H aynaldia villosa Y-5-9. 
8. 107. Haynaldia villosa Y-12-la. 
9. 108. H aynaldia villosa Y-16-8. 
10. 110 . H aynaldia villosa I-50-4. 
11. 42. Triticum monococcum TA138. 
12. 43. Elytrigia elongatwn TA 2196. 
13. 44. Elymus ciliaris. TA2006. Japan 
14. 45 Elymus ciliaris TA2245. China 
15. 46 Elymu.s trachycaulus. TA2052 N.America 
16. 47. Triticum monococcum TA142. Yugoslavia 
17. 49. Triticum boeoticwn TA182. Iran 
18 52. Triticum.boeoticwn . TA189 Iran 
19 54 Triticum urartu. TA831 Iran 
20 5 Triticum urartu. TA706. Turkey 
21. 58 Triticwn longissimum TA1412. Israel 
22. 61 Triticum bicornis. TA1942. Egypt 
23. 63. Triticum searsii TA2343. Syria 
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BAMTAQ 
Gel No 
1 22 
1 22 
1 22 
1 22 
9 30 
1. 22 
1. 22 
1. 22 
1. 22 
1. 22 
2. 23 
,, 23 
-· 
2 . 23 
2 . 23 
2. 23 
2 . 23 
2 . 23 
2. 23 
2. 23 
2. 23 
3. 24 
3. 24 
3 . 24 
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24. 70 Triticwn speltoides TA1783. Israel 3. 24 
25. 73 Triticum speltoides TA1789. Iraq 3. 24 
26. 77 Triticwn searsii TA1839. 3. 24 
27. 82 Triticwn bicornis. TA1949. Israel 3. 24 
28. 85 Triticwn sharonensis TA1999 Israel "' 24 j 
29. 90 Triticwn sharonensis TA2065. Turkey 3. 24 
30. 94. Triticwn speltoides(LIG) TA1772 Turkey 3 24 
31.113762 Triticwn sharonensis 85TL04-3. 4 . 25 
32. 63 Triticwn dichasians 86TF03-4. 4. 25 
33. 64 Triticwn longissimwn 86TL32-1. 4. 25 
34. 68 Triticum tripsacoides 84TQ10-1. 4. 25 
35. 66 Triticwn monococcwn 85TM01-15. 4. 25 
36. 5474 Triticum tripsacoides. 86TQ10-5. 4. 25 
37. 113769 Triticum umbellutlatwn 85TU12-11. 4. 25 
38. 71 Triticum comoswn. 85TC02-1. 4. 25 
39. 72 Triticum speltoides 85TS01-l. 32. 25 
40. 78 Triticum tauschii 85TD08-1. 4 . 25 
41. 79 Triticum bicorne 85TB01-33. 5. 26 
42. 84 Triticum uniaristatwn 86TE05-3. 5. 26 
43. 115475 Triticum searsii 86TL33-1. 5. 26 
44 Rl.1 5 26 
45 R2.2 5 26 
46 R3.6 
,.. 26 .) 
47 R4.7 5 26 
48 R5.1 5 26 
49 R6.4 5 26 
50 15 Elymus sibiricus 6 27 
51 107972 Elymus scabrus 6 27 
52 114884 Elymus melantherus 6 27 
53 81 Elymus semicostatus 6 27 
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54 80 Brachypodium sylvaticum 6 27 
55 86 Agropyrum cristatum 6 27 
56 85 Elymus tsukshiensis 6 27 
57 87 Hordeum chilense 6 27 
58 82 Elymus lonearistatus 6 27 
59 11 Secale montanum. 21 42 
60 10 Secale montanum. 7,21 42 
61 7 Secale montanum. 21 42 
62 12 Secale montanum. 21 42 
63 23 Secale irancium 7 28 
64 8 Secale montanum. 21 42 
65 4 Secale montanum. 7 28 
66 291(1) Wheat 7 28 
67 HB 2A-1 7 28 
68 Al 1.1 Barley 8 29 
69 Bl 2.7 Barley 8 29 
70 Cl 3.8 Barley 8 29 
71 V 1.2 Dasypyrum villosum 17953 8 29 
72 V 2.10 Dasypyrum villosum 17954 8 29 
73 R56.1.80 Elymus giganteus 21 42 
74 Australopyrum retrofractum 8 29 
f Australopyrum pectinatum g7 50 4-1 
75 19 Elymus racemosus 8 29 
76 107968 Elymus scabrus 8 29 
77 Hl.8 Critesion bogdanii PI314696 USSR 9 30 
78 H2.2 Critesion bogdanii PI269406 Afgh. 9 30 
79 H3.1 Critesion bogdanii PI401386 Iran 9 30 
80 H4.1 Critesion bogdanii D-2631 PRC 9 30 
81 H5.7 Critesion brevisubulatum A-24 Iran 9 30 
82 H6.6 Critesion brevisubulatum PI401387 Iran 9 30 
83 H7.6 Critesion brevisubulatum Bakteyev-10 USSR. 9 30 
--
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84 H8.9 Critesion brevisubulatum V.Jaaska USSR 9 30 
85 Nl.9 P sathyrostacis June ea PI314082 USSR 10 31 
86 N2.3 P sathyrostacis June ea Bozoisky deer pens USSR 10 31 
87 N3.8 Psathyrostacis juncea Swift Canada 10 31 
88 N4.l Psathyrostacis juncea Vinall U.S.A 10 31 
89 N5.l Psathyrostacis fragilis PI410392 Iran 10 31 
90 N6.4 Psathyrostacis fragilis PI401397 Iran 10 31 
91 N7.1 P sathyrostacis fragilis PI343190 Iran 21 42 
92 N8.l P sathyrostacis fragilis PI401393 Iran 21 42 
93 Sl.3 Pseudoroegnaria spicata Whitmar USA 11 31 
94 S2.3 Pseudoroegnaria spicata PI236681 USA 11 31 
95 S3.1 Pseudoroegnaria spicata PI232140 USA 11 31 
96 S4. l Pseudoroegnaria spicata P-739 USA 11 32 
97 S5.8 Pseudoroegnaria libanotica PI229581 Iran 1 32 
98 S6.1 Pseudoroegnaria libanotica PI380650 Iran 11 32 
99 S7.6 Pseudoroegnaria libanotica PI401325 Iran 11 32 
100 S8.1 Pseudoroegnaria liba.notica PI401339 Iran 11 32 
101 Agropyron ciliare 11 32 
102 Pl.7 Agropyron cristatwn Fairway U.S.A 12 33 
103 P2.10 Agropyron cristatwn PI281862 Germany 12 33 
104 P3.4 Agropyron cristatum PI406450 USSR. 12 33 
105 P4.8 Agropyron cristatwn PI314599 USSR 12 33 
106 P5.6 Agropyron desertorum PI284868 Denmark 12 33 
107 P6.3 Agropyron desertorum PI249143 Portugal 12 33 
108 P7.2 Agropyron desertorum PI340059 Turkey 12 33 
109 El.2 Thinopyrum elongatum Y.Cauderon France 12 33 
110 E2.l Thinopyrum elongatum Y.Cauderon France 12 33 
111 Al.1 Triticum monococcum 15194 Gruziga 21 42 
112 A2.3 Triticum monococcum 13141 Morocco 13 34 
113 A3.6 Triticum monococcum 16280 Turkey 13 34 
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114 A4.7 Triticum mo,wcoccum 19842 USSR 13 34 
115 J2.1 Thinopyrum bessarabicum AL-62/84 USSR 21 42 
116 J4.9 Thinopyrum junceiforme CS-6-61.70 France 13 34 
117 Jl.6 Thinopyrum bessarabicum 2030 France 21 42 
118 J3.7 Thinopyrum bessarabicum AL-63/84 USSR 13? 34 
119 Elymus trachycaulus 13 34 
120 115637 Hordewn glaucum CHC3426 14 35 
121 45 Hordewn marinum CHC1318 14 35 
122 35 Hordium depressum CHC3469 ******* 
123 47 H ordiwn spontanewn CHC698 14 35 
124 36 Hordiwn glaucwn CHC3410 14 35 
125 61 Pseudoroegneria stringosa Jaaska 14 14 35 
126 38 H ordiwn intercedens CHC3417 14 35 
127 54 Pseudoroegnaria spicata D2815 14 35 
128 43 H ordiwn chilense CHC1784 14 35 
129 62 Pseudoroegneria stringosa Jaaska 15 15 36 
130 49 Pseudoroegnaria aegilopodies DT-3126 15 36 
131 57 Pseudoroegnaria spicata D-2838 15 36 
132 48 Pseudoroegnaria aegilopodies DT-3101 15 36 
133 52 Pseudoroegnaria /ibanotica PGR-1647 15 36 
134 33 H ordewn calif ornicwn CHC3457 15 36 
135 41 Hordewn pusillum. CHC3433 15 36 
136 53 Pseudoroegnaria libanotica PGR16456 15 36 
137 51 P seudoroegnaria libanotica PW165160 15 36 
138 34 Hordeum depresswn CHC3463 16 37 
139 50 P seudoroegnaria libanotica PE226170 16 37 
140 40 H ordeum pusillum CHC3430 16 37 
141 60 P seudoroeg naria stipif olia PE282760 16 37 
142 58 Pseudoroegnaria spicata-inennis C124145 16 37 
143 59 Pseudoroegnaria stipifolia PE285760 16 37 
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144 32 H ordeum califomicum CHC3439 16 37 
145 39 Hordeum intercedensl CHC3422 16 37 
146 Elytrigia pontica 16 37 
147 B rachypodium flexum 17 38 
148 56 Pseudoroegnaria spicata PGR16460 17 38 
149 Elytrigia pycnantha 17 38 
150 Elytrigia repens 17 38 
151 Pascopyrum smithii 17 38 
152 Leym-us ka.ratavensis 17 38 
153 115665 Critesion brachyantherum H2012 USA 17 38 
154 666 Critesion bogdanii H4014 Pakistan 17 38 
155 672 H ordeum vulgare 17 38 
156 671 Hordeum bulbosum H401 Greece 18 39 
157 674 Haynaldia villosa H3025 Greece 18 39 
158 669 Horeum roshevitzii H7046 China 18 39 
159 668 Critesion marinum H508 Spain 18 39 
160 667 Critesion marinum H801 Iran 18 39 
161 677 Elym-us sibiric-us H7182 China 18 39 
162 108 H ordeum secalinum 18 39 
163 Hordeum bogdanii. ******* 
164 115685 Taeniatherum (SP.) H749 Greece 18 39 
165 683 Pseudoroegnaria aegilopoides H3206 China 18 39 
166 678 Elym-us caninus H3169 19 40 
167 684 Taeniatherum caput-medusae H5012 Iran 19 40 
168 679 Aegilops speltoides 051AE 19 40 
169 673 Secale afghanicum H3124 Afghanistan 19 40 
170 110004 Critesion californicum 19 40 
171 02 Critesion brachyantherum 19 40 
172 109990( 103) Critesion stenostachys 19 40 
173 110003(79) Critesion calif ornicwn 19 40 
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174 109989(92) Critesion stenostachys 19 40 
175 10997(89) Critesion halophilum 20 41 
176 109994(86) Critesion comoswn 20 41 
177 109993 20 41 
178 104 Critesion bogdanii 20 41 
179 109998 20 41 
180 109987(90) Critesion roshevitzii 20 41 
181 115676 Elymus trachycaulus H4223 USA 20 41 
182 682 Pseudoroegnaria cognata H4033 Pakistan 20 41 
183 681 Psathyrostacis juncea H7031 China 20 41 
I 
I· 
1· 
II 
I• 
,1 
I 
I 
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Appendix 1 continued. 
Triticum Species used in Chapter 4 
Table 1 Triticum species Obtained from Dr Kimber, University of Missouri Columbia USA 
No. CPI No. Natne Genome 
86 TN 12-1 113759 Triticum triaristatum (neglecta) UM 
86 TN 14-3 113760 II triaristatum (recta) UMUn 
86 T9 02-6 113761 II timopheevii x4 or x6 AG 
85 TL 04-3 113762 II sharonense BSh 
86 TF 03-4 113763 II dichasians C 
86 TL 32-1 113764 II longissimum Bl 
85 TR 01-33 113765 II synacum D:MB 
85 TMOl-15 113766 II monococcum A 
86 IT 17-12 113767 II turgidum AB 
84 TQ 10-1 113768 It tripsacoides Mt 
86 TQ 10-5 115474 It tripsacoides Mt 
85TU12-11 113769 It umbellulatwn u 
85 TY 04-2 113770 II columnare UM 
86 TC 02-1 113771 II comosum M 
85 TS 01-1 113772 II speltoides BS 
86 TP 01-7 113773 II macrochaetwn UM 
851W 04-16 113774 " triunciale UC 
86 TX 19-2 113775 II cylindricum CD 
TK09 113776 II kotschyi UBS 
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Table 1 continued. 
84 TK 01-5 113777 " kotschyi UBS 
85 ID 08-1 113778 " tauschii D 
85 TB 01-33 113779 II bicome Bb 
86 TH 03-2 113780 " ventricoswn DUn 
86 TO 30-3 113781 II ovatwn UM 
86 TJ 04-3 113782 " juvenale DMU 
86 TI 07-1 113783 " crasswn DDM 
86 TE 08-3 113784 " uniaristatum Un 
861L 33-1 115475 II .. Bse searszz 
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Appendix 2. Solutions used in the Materials and Methods 
2.1 Mini plasmid preparation 
G.T.E. (Glucose, Tris, EDTA) 50mM glucose; 25mM Tris HCl pH8.; lOmM EDTA. 
N aOH/SDS. 0.2M sodium hydroxide; 1 % sodium dodecyle sulphate. Make this solution 
fresh each time. 
3M KAc. (,()ml 5M potassium acetate; 11.5ml glacial acetic acid; 28.5ml distilled water. 
Stock Tris:EDTA solution XlOO. lM Tris; O.lM EDTA; pH to 8.4 with hydrochloric acid. 
2.2. Single stranded DNA preparation. 
PEG. 20% polyethelenglycol 600, 2.5M sodium chloride in water. 
2.3 Large scale isolation of plasmid DNA. 
Ly sis mix. Made up by mixing the following: 
1 ml Triton x 100; 250 ml of 250mM EDTA pH 8; 50ml lM Tris-HCl pH 8; 699 ml distilled 
water. 
2.4 Dideoxynucleotide Sequencing Reactions. 
2.4.2 Cocktail buffer (for 6 clones). 
6.0 µl O. lM DTI, 5.4 µl O. lM Tris HCl pH 8.5, 12 µl 2.5 µM cold dA TP, 12 µl 32p dA TP 
dNTP MIXES. 
dATPmix 
200 µl 0.5mM dCTP 
200 µl 0.5mM dGTP 
200 µl 0.5mM dTTP 
dCTPmix 
15 µl 0.5mM dCTP 
300 µl 0.5IhM dGTP 
300 µl 0.5mM dTTP 
d.NTP mixes cont. 
dGTPmix 
300 µl 0.5mM dcrP 
15 µl 0.5mM dGTP 
300 µl 0.5mM dTIP 
dd.NTP working solutions 
dTTPmix 
300 µl 0.5Ill1,-l dCTP 
300 µl 0.5mM dGTP 
15 µl 0.5mM dTTP 
ddA 0.13mM; ddG 0.2mM; ddC 0.2mM; ddT l.6mM. 
Termination Mixes. 
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Mix the following d.NTP/dd.NTP solutions in the following ratios to make the termination 
rmxes. 
A Termination mix: 
5 ddA TP working solution. 
95 dATPmix 
G Termination mix: 
20 ddGTP working solution 
80dGTPmix 
Formamide dye loading buffer: 
C Termination mix: 
20 ddCTP working solution 
80dCTPmix 
T Tennination mix: 
20 ddTIP working solution 
80dTTPmix 
0.08% bromophenol blue; 0.08% xylene cyanol; 20 mM EDTA in formamide. 
10 X TBE: 
108g Tris base; 55g boric acid; 9.5g di sodium EDTA make to lL. 
8 7 
6% denaturing acrylamide gel: 
5.7g acrylamide; 0.3g bis acrylamide; 42g urea; 10 ml lOX TBE; 50ml water, 0.4ml 10 % 
ammonium persulphate. Makes 100 ml. 
To polymerise add 40µ1 TE:rvtED when ready to pour gel. 
TEMED= N,N,N',N', Tetramethyhl ethylenediamine 
2.5 Agarose Gel Electrophoresis 
20X electrophoresis buffer. 
800mM Trisma base; 20 mM disodium EDTA; lOOmM sodium acetate; titrate with glacial 
acetic acid to pH 7.75-7.8. 
2ml of 0.5mg/ml ethidium bromide is added to the running buffer, to stain the DNA in the 
gel. 
2.6 Southern Blots. 
Solutions for southern blots. 
Denature. 
1.5M sodium chloride; 0.5M sodium hydroxide. 
Neutralizer. 
3.0 M sodium chloride; 0.5M Tris-HCI. Adjust to pH 7 with HCl 
20x SSC. 
3.0M sodium chloride; 0.3M sodium citrate (tri-sodium salt) Adjust to pH 7. 
2. 7 Hybridization of probe to filter. 
Pre-hybridization solution for 25ml. 
12.5 ml fonnamide; 3.75 ml 20xSSC; 1.5 ml lOOx Denhardt's; 0.5 ml 5% SDS; make to 25 
ml with T.E. 
1 OOx Denhardt' s. 
2% bovine sen1m albumin (BSA); 2% ficoll; 2% polyvinyl pyrolidone (PVP) Store at -20°C 
in 10ml aliquots. 
2.9 DNA Preparation from leaf tissue. 
TNE. 0.05 M Tris- HCl pH 7.5, 0.1 M NaCl, 0.1 M EDTA. 
EPR a) 40g sodium perchlorate dissolved in 320 ml ethanol. 
b)120g sodium perchlorate dissolved in 75 nil water (requires heat to dissolve). 
Mix a and b together. 
2.10 Preparation of pUC 118 vector for cloning. 
Alkaline phosphatase buffer (lOX stock) 
0.5M Tris HCI pH 8; lilll\1 EDTA pH 8. 
5X ligase buffer. 
250rnM Tris HCl pH 7.8; 50mM magnesium chloride; 250µg/ml bovine serum albumin. 
Luria-Bertani (LB) medium. 
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2g glucose; 10g tryptone; 5g yeast extract; 5g sodium chloride; 2g magnesium chloride; make 
up to 1 litre with distilled water. 
For agar plates add 22g agar per litre. 
Top agar was made by using the above ingredients but solidified by adding 0. 7 g agar per 
100ml. 
Sterilization was carried out in autoclave at 15 psi for 15 minutes. 
For media requiring ampicillin it was add at 0.2g per litre, once medium had cooled to 50°C. 
2YTmedium. 
16g tryptone; 10g yeast extract; 5g scxlium chloride.in I litre of water. 
IPTG solution. 
23.83mg Isopropyl B-D-thiogalactopyranoside per 1ml distilled water. 
X-GAL solution. 
25mg 5-Bromo-4-chloro-3-indolyl B-D-Galactopyranoside per ml of dimethyl formamide. 
2.12 Restriction enzyme digestion. 89 
All restriction digests used one of the following buffers, unless otherwise stated. The 
high, medium or low salt buffers were chosen by reference to the assay conditions listed on 
the instruction sheet supplied with enzymes. 
Low salt. 
6mM sodium chloride 
lOmM Tris 
1 OmM magnesium chloride 
chloride. 
Medium salt. 
60mM sodium chloride 
7mM Tris 
7mM magnesium chloride 
High salt. 
150mM sodium chloride 
6mMTris 
6mM magnesium 
All above buffers were made up in 1 OX concentrations and stored at -20°C. 
The solutions used for DNA extraction in chapter 6 
TNE (0.05M tris; O.lM NaCl; 0.2M EDTA pH to 7.5). 
5% Sodium dodecyl sulphate in water. 
Proteinase K (lmg/ml in water). 
TE (0.01M Tris HCl pH 8.4;0.00lM EDTA). 
Absolute ethanol with 5% (v/v)2M sodium acetate pH 5.5 
Phenol saturated with TE pH 8; chloroform; and 70% ethanol 
The extraction buffer is a mixture of 3.8ml TNE; 0.6ml Protinase K, and 0.6ml 5% SDS. 
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TECHNIQUE 
DNA analyses in wheat breeding 
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CLARKE, B. C., MORAN , L. B., and APPELS, R. 1989. DNA analyses in wheat breeding . Genome, 32: 334-339. 
A simplified procedure of sample preparation for the isolation of DNA (accessible to restriction fragment length polymor-
phism, RFLP, mapping) from wheat leaf material is presented . The procedure utilizes a sap extractor and approximately 500 
samples can be processed in I week. The ability to handle thi s number of samples makes it feasible to interact with a plant 
breeding programme when a particularly valuable DNA marker is available . Three examples of analysing large populations 
arc presented to demonstrate the application of the modified procedure to isolating DNA from wheat leaves. 
Key words: techniques , restriction fragment length polymorphism, genomic DNA isolation . 
CLARKE, B. C., MORAN , L. B., ct APPELS, R. 1989. DNA analyses in wheat breeding . Genome , 32 : 334-339. 
Une methode simplifiee de preparation d 'echantillons pour !'isolation de l' ADN (util e pour l'etude de l'ampleur des poly-
morphi smes dans les fragments de restriction et pour la ca rtographic) a partir des tissus de fcuillcs de ble est presentce. Cettc 
mcthode requie rt l'emploi d 'un extracteur de jus et permet de preparer envi ron 500 echanti llons par semaine. La capacitc 
de trailer un tel nombre d' cchantillons rend poss ible son couplagc avec les programmes d'amclioration des plantes, lorsqu'un 
marqueur d'ADN particulierement impo rtant est disponible. Trois cxcmples d'analyses de grandes populations sont prescntcs 
pour demontre r l'inten~t de cctte mcthode modifiee de !' isolation de l 'ADN des fcuillcs de ble . 
Mots cles : technique , polymorphismcs dans les fragments de restriction, isolation de I' ADN gcnomique. 
Introduction 
Numerous procedures for the isolation of DNA from plant 
material have been published (Kislev and Rubenstein 1980; 
Murray and Thompson 1980; Andre et al. 1983 ; Wilson and 
Chourey 1984; Hutchinson et al. 1984; Hattori et al. 1987) . 
Most of these procedures were developed to overcome specific 
difficulties associated with the particular type of plant being 
analysed. In wheat a simple procedure has been developed 
(Appels and Moran 1984), but because the samples have to be 
ground in liquid nitrogen, it is not possibl e to handle hundreds 
of samples per day . The tracing of DNA markers linked to an 
agronomic trait often does not require large amounts of DNA 
and thus a procedure providing 100 -200 µg of DNA is ade-
quate for most purposes . The problem of sample preparation 
has been previously addressed in other areas of plant analysis 
such as assaying the levels of virus in the leaves of plants and 
in this case a sap extractor was used for the handling of large 
numbers of samples (P. M . Waterhouse, M . E. Wagih , 
K. Helms , G . Gordon , and C. C. Ryan , to be published). In 
this communication we demonstrate the suitability of this 
method of sample preparation for the isolat ion of DNA from 
the leaves of wheat and related grasses. 
Materials and methods 
Sap extractor and buffers 
The sap extractor (Fig. I) was fitted with a reservoir and an auto-
matic delivery system. A manually operated sy ringe will suffice if 
there arc two operators . The solutions used arc as fo llows: TNE 
(0.05 M Tris. 0 . 1 M NaCl, 0.2 M EDTA, pH 7 .5), SDS (5% sodium 
do<lccyl sulphate in water) ; protcinasc K (Boehringer, I mg/mL in 
water), TE (0 .01 M Tris-HCI , pH 8.4, 0.00 1 M EDT/\), absolute 
etha nol contai ning 5% (v/v) 2 M sodium acetate, pH 5 .5; phenol 
saturated with TE; ch loroform; 70 % ethanol; and extraction buffer 
(3.8 mL TNE, 0 .6 mL proteinasc K, 0.6 mL SOS) . 
PrmtcJ m Canada / lmpnn~ au Canada 
[Traduit par la rcvucl 
Plant material 
Young seedlings at approximately the two-leaf stage (10 cm long, 
approximately 0.5 g) were used if the entire sample was committed 
to the DNA preparation . Single-leaf samples from older plants to be 
retained for seed production were also found to be quite satisfactory 
for the extraction. The populations used to illustrate the use of the 
procedure developed were as follows. 
Example 1 
F2 segregating progeny from crosses between Chinese and Aus-
tralian wheats subjected to digestion with the restriction enzyme Taql 
to follow the Nor restriction fragment length polymorphisms 
(RFLPs). Table I li sts the orig in of the lines used. 
Example 2 
Advanced backcross lines carrying an unidentified segment of rye 
chromatin; this material was produced by Dr . R. A . McIntosh 
(University of Sydney) . Table I lists the origin of the lines used. 
Example 3 
F2 segregating progeny from a crossing programme to confirm the 
location of a disease-resistance gene on wheat chromosome 2B; 
crosses between wheat lines carrying the 2RS-2BL or 2BS-2RL 
translocation chromosomes (May and Appels 1982) and wheat culti-
vars carrying cereal cyst nematode resistance were produced in col-
laboration with Dr. L. O ' Brien (University of Sydney) . Table I lists 
the o ri gin of the lines used . 
Results and discussion 
Use of a sap extractor in sample preparation 
The leaf material was fed into the rollers of the sap extractor 
and , at the same time, 0.7 mL of extraction buffer was deliv-
ered onto tire rollers . The sap was collected into an Eppcndorf 
tube (capaci ty 1.5 mL) and incubated at 37°C for I -2 h, after 
which phenol and chloroform (0.25 mL each) were added . 
The rollers were rinsed clean with the flu shing system (sec 
Fig . I) between each sample . Approximately 40 samples can 
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I 
Constant head reservoir • 
I-later supply for fl ushin g rollers 
F1G. I . The sap extractor fitted with an automated buffer delivery system. The extractor was obtained from MEKU (Erich Pollahne) as a 
"combined leaf and germ (bud) juice press" (Erich Polliihne, Am Weinga rten 14 , D-30 15 Wennigsen am Deister. West Germany). 
TABLE 1. Plants used for genetic studies 
Example Name 
' Beijing 10' 
'Quarrion' 
2 Sears PH2/Taf2/nulli tetra 
Sears PH/Taf2/N58 T5D/C. S. 
3 Random samples from crosses 
between a 2RS-2BL trans-
location line (May and Appels 
1982) and wheat cultivar 
AUSI0894 
be extracted in 30 min. In experiments where 200 or more 
samples were extracted, it was generally convenient to allow 
the samples to shake overnight with the phenol -chloroform , 
after a vigorous Vortex treatment for 30-45 s. The organic 
and aqueous phases were separated by a 3-min centrifugatio n 
in a standard Eppendorf centrifuge, and 0 .5 mL of the aqueous 
phase was removed into another Eppendorf tube . The DNA 
was precipitated by the addition of l mL o f ethanol containing 
5 % sodium acetate pH 5 .5 and recovered by centrifugation , 
following several inversio ns of the tube to mix the contents. 
If the samples were left for too long in the ethanol a noccul a r 
material coprec ipitates with the DNA , ma king it difficult to 
remove ; at thi s stage, therefore, it was best to process 12 
Access ion No. 
CPI 110521 
5393 
7858 
Origin 
Z .-Y . Xin 
Dr. C. E. May 
Dr . R. A . McIntosh 
Dr. R. A. McIntosh 
Dr. L. O'Brien 
samples at a time. The nucleic acid pellets were then rinsed 
with 70 % ethanol, recentrifuged, and a ir dried. The final 
nucleic acid preparation was dissolved in 0.25 mL of water or 
TE; 100 -200 µg of DNA was usually recovered. 
Segregation of Nor RFLPs in F2 populations of crosses 
between Chinese and Australian wheats 
The ribosoJnal RNA genes in wheat are located on chromo-
somes lB , 6B , and 50 and are characterised by polymorphic 
spacer DNA regio ns (May and Appels 1987). The polymor-
phisms are readi ly visualised by the restriction enzyme Taql 
and a re the resu lt of changes in the number of spacer subrepeat 
units and (or) the loss or gain of TaqI sites. During the course 
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Nor loci 
FtG. 2. Individuals from an F2 population segregating for Nor RFLPs . Approximately 10-µ.g aliquots of DNA were digested with the restric -
tion cndonuclease Taq l under standard conditions. After electrophoresis in a I % agarose gel the DNA was transferred to a nitrocellulose filter 
and hybridized with a 32P-labellcd pTa250.4 probe as discussed in the text. The samples shown arc some of the F2 progeny (lanes 2- 11) from 
a cross between the cultivars ' Quarrion' (Australian) in lane I and 'Beijing 10' (Chinese) in lane 12. The arrowheads on the right-hand side 
indicate the genomic origin of the Nor locus alleles being assayed. 
• • 
• • 
F1G. 3 . "Dot blot" hybridization of DNA samples to assay for the presence of the 350-family of sequences. The 32 P-labcllcd pSchctl probe 
was hybridized to 2-µ.g aliquots of DNA loaded onto nitrocellulose by using a loading device (Bethesda Research Laboratories) . As a result 
of the virtual absence of DNA sequences from wheat that hybridize with the probe, the individual s carrying the alien chromatin could be clearly 
identified . 
of analysing Chinese wheat cultivars (Z.-Y. Xin and B. C. 
Clarke, unpublished observations) new RFLPs in the spacer 
region of the Nor loci were found and it was necessary lo 
assign these RFLPs to the respective loci characterised by 
May and Appels (1987). The assignment was carried out by 
analysing F2 segregating populations from crosses between 
the Chinese wheats ('Beijing 10' is illustrated) and selected 
Australian cultivars ('Quarrion' is illustrated). A total of 
10-15 F2 individuals from each of 20 crosses involving 10 
Chinese cultivars of interest were analysed by isolating the 
DNA , using the sap extractor procedure . Restriction enzyme 
TaqI digestions of 10-µ.g aliquots of DNA from the sample 
were carried out under standard conditions and were followed 
by electrophoresis on a I % agarose gel. Transfer or the DNA 
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1 2 3 4 5 
<380bp 
<300bp 
FrG. 4 . Identification of the origin of an alien chromatin segment. 
The D A from individuals in Fig . 3 which were positive with the 
32 P-labelled pSchetl probe were uigested with the restriction 
endonuclease Taql and electrophoresed in a 2 % agarose gel. After 
transfer of the DNA to nitrocellulose , the samples were hybridized 
to the J2P-labclled pSchetl probe, and the RFLPs characteristic of 
Agropyron or Secale species could be visualised. Lane I, wheat 
(negative control); lane 2 L2 Agropyro11 i11ter111ediwn addition line 
(typical Agropyron RFLP pattern for 350-family sequences); lanes 3 
and 4, pSchetl -positive samples from the experiment shown in 
Fig. 3; lane 5. wheat carrying the I RS - I BL chromosome (typical 
Sccale RFLP pattern for 350-family sequences). The length markers 
on the right -hand s ide identify the characteristic 350-family bands (as 
determined from DNA sequencing (Appels et al. 1986a)). 
to nitrocellulose filters and hybridization with a [32P]DNA 
sequence probe for the rDNA spacer region (pTa250.4, 
Appels and Dvorak 1982) allowed the Nor RFLPs to be visu-
alised, as shown in Fig. 2. During the course of analysing 280 
samples in this way only one or two samples failed to digest 
to completion and required a repeat of the last steps in the iso-
lation procedure, i.e., the phenol-chloroform and ethanol 
precipitation step . The experiment was completed in 2 weeks 
and identified new alleles at both the I 8 and 68 loci of wheat; 
the total number of alleles identified at the Nor loci of wheat 
genotypes throughout the world is currently being compiled by 
Dr. C . E. May . 
lde11ti.ficatio11 of an unidentified rye chromatin segment present 
in advanced wheat backcross lines 
The DNA sequences that form the major constituent ofter-
minal heterochromatin in rye chromosomes, the 350-family 
(Appels eta/. 1981; Appels and Moran, 1984), also hybridize 
to the terminal heterochromatic regions in the chromosomes of 
Agropyron intennedium (Lapitan et al. 1987; Xin et al. 1988). 
A probe , pSchetl (Appels et al. 1986a), was used to assay the 
DNA from backcross material originally derived from crosses 
between A. intermedium addition lines in wheat (Y. Cauderon, 
quoted in Ortiz et al. 1986) and wheat cul ti vars (R. A. 
McIntosh, P . Banks, and P. Larkin, personal communication) 
to determine whether the alien chromosome segment could be 
followed. The probe is particularly useful for this because 
wheat per se does not appear to carry any of the 350-family 
sequences. A total of 200- 250 individuals was analysed using 
this probe (Fig. 3) and from the study, it became evident from 
a lack of linkage of the 350-family DNA segment to other 
A. intermedium markers (P. Banks , personal communication) 
that the pSchetl probe was not assaying an A. i111er111ediu111 
chromosome segment. The origin of the alien chromosome 
segment being assayed was subsequently determined by 
digesting the DNA sample with the restriction endonuclcasc 
TaqI and assaying the distribution of the 350-family of 
sequences (Fig. 4). The RFLPs for the 350-family of DNA 
known to exist between Secale and Agropyron species (Xin 
and Appels 1988) allowed the alien chromatin segment to be 
clearly identified as being Secale in origin. Additional assays 
using the Secale-specific rDNA spacer probe (Appcls et al. 
1986b) showed that the alien chromatin actually originated 
from chromosome IR (data not shown) and was probably 
derived from the 1RS-1BL chromosome now widely spread 
in wheat cultivars throughout the world (CIMMYT 1984). 
Segregation of chromosomes carrying 2RS and ~RL chromo-
some segments 
A large population of samples was analysed at the DNA 
level derived from a crossing programme designed to confirm 
the location of a cereal cyst nematode resistance (CCNR) 
gene on chromosome 2B in Australian wheats (L. O'Brien. 
R. Appels, and P . Martin , unpublished). The DNA was iso-
lated from single adult leaves (leaves stored at 4 °C for I -
3 days) in scaled Eppcndorf tubes and screened for the 
terminal hetcrochromatic sequence located on both the 
2RS-2BL and 28S-2RL chromosomes used in the crossing 
programme. The screening procedure was similar to that 
shown in Fig . 3 and within a period of 3 weeks from receiving 
the leaf samples the F2 segregating progeny could be scored 
for the presence or absence of the respective chromosome seg-
ment. The number of samples analysed was 550 and with such 
a large number it was not feasible to determine the amount of 
DNA loaded onto the nitrocellulose membrane for analysis by 
the dot-blot procedure (Fig. 5, top panel). Since an estimate 
of the amount of DNA on each "dot" was required . the probe 
was stripped off the nitrocellulose filter and the latter was 
rchybridizcd with an rDNA sequence (pTa250.3, Appcls and 
Dvorak 1982). The ribosomal RN A gene probe was expected 
to be present equally in all DNA samples and thus allowed a 
relative assessment of each sample (Fig. 5. bottom panel). The 
detailed study of the segregating F2 populations is still in 
process, but it is clear from the data presented that the D A 
analysis of hundreds of individuals in a reasonable period of 
time is feasible. 
Conclusions 
The various studies outlined in this paper resulted in the 
processing and analysis of over a thousand individual plants 
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F1G. 5 . Top panel : " dot-blot" hybridization of DNA samples from 60 wheal genotypes with the 32 P-labelled pSchetl probe . Bottom panel: 
rescreening of the same filter shown above after stripping off the 32 P-labe lled pSchetl probe (with 20 mM NaOH. 10 min, room temperature) 
and rehybridiz ing with 32 P-labe lled pTa250 .3, a ribosomal RNA gene sequence expected to be present in all the samples. Some samples had 
very low amounts o f DNA present , as indicated by the 32 P-labell ed pTa250 .3 probe (lower panel), but al l except one clearly hybridized to 
the 32 P-labellcd pSchetl probe (upper pa nel ); the latt e r probe is much more sensitive th an the ·12P-labell ed pTa250.3 probe because it uetects 
very large , tandcmly repealed, tracts of the 350-family o f sequences. 
within a period of several months. During the course of these 
studies we have found the sap extractor procedure to be a reli -
able method for recovering DNA rapidly for subsequent anal -
ysis by hybridization with nucle ic acid probes. The improved 
speed of analysis should lead to a closer interaction between 
some components of molecular bio logy resea rch and wheat 
breeding . 
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